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A Theoretical Investigation of the Microsolvation of Multivalent Ions in Clusters
Sean Hughes, Ph.D.
Concordia University, 2006

Trivalent lanthanide metals (Ln*") are among the most spectroscopically active
ions in the periodic table and are characterized by their exceptional ability to absorb and
emit light in the ultraviolet, visible and near infra-red regions of the electromagnetic
spectrum. These ions are sensitive to the nature of their ligands, as has been evidenced
from their spectral properties in different environments. In an effort to predict the
behaviour of lanthanide ions in different environments, solvated Ln>* ions in clusters,
Ln**(solvent),, were investigated as a model system. Cluster studies provide an ideal
means of monitoring progressive changes in the properties of the lanthanide ions with
cluster size increases. The electronic, energetic and thermodynamic properties of
Ln**(H,0), and Ln*"(CH;CN), clusters were simulated using a combination of quantum
chemistry calculations, model potential development and Monte Carlo simulations,
paying close attention to possible cluster-to-bulk transitions.

The properties of small Ln**(H,0), clusters obtained from quantum chemistry
calculations indicate, much akin to other multi-valent Mq+(H20)n clusters, that the metal
ion-water interactions are predominantly electrostatic. Mutual polarization of both the
jon and the water molecules accounts for the large Ln**(H,O), cluster binding energies
and the resulting structural properties of the clusters. The quantum chemistry results
were the basis for designing and parameterising polarizable model potentials for use in
Monte Carlo simulations. The simulations revealed that bulk-like properties of

Ln**(H,0), clusters, namely first-shell coordination numbers and bulk thermodynamic
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properties, are obtained at very large cluster sizes (n > 64), thus showing that cluster
studies are a good model for studying bulk solvation.

The Ln**(H,0), cluster binding enthalpies were found to be quite large, even at
small cluster size, implying that these species should be stable under experimental
conditions. However, small clusters have rarely been observed experimentally when they
contain protic solvents and charge-reduced clusters, where the metal loses its 3+ charge,
are observed instead. Thus, Eu’"(H,O), cluster deprotonation was investigated as a
possible explanation for the lack of experimental observation of small Ln**(H,0),
clusters. The small clusters were found to favour loss of (solvated) hydronium ions from
the cluster, explaining the experimentally-observed, charge-reduced clusters. Only
recently (June 2006) was the experimental observation of large Ln**(H,0), clusters (n>
15) reported. This is consistent with our prediction that deprotonation becomes less
favourable with cluster size.

Finally, investigation of Ln**(CH3CN), clusters, using a similar methodology,
reveals that formation of these clusters is also energetically favourable and that
convergence to bulk, structural and thermodynamic properties are obtained at smaller
cluster sizes than those observed in water clusters. Given that the thermodynamic
properties of Ln3+(CH3CN)n and large Ln**(H,0), clusters have yet to be determined, the

results herein may serve as benchmarks for future experimentation.
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CHAPTER 1
1.1. INTRODUCTION TO CLUSTERS

The cluster phase is defined as a state of matter that is intermediate between a
small collection of atoms/molecules and bulk materials [1, 2]. A cluster is simply an
agglomerate of 2-1000 atoms or molecules, although these limits are only rough
guidelines for defining such an assembly [1, 2]. Cluster chemistry has been often
regarded as the bridge between the traditional chemistry observed in the bulk and that of
isolated atoms/molecules. This bridge is of fundamental importance to chemistry and
materials science since it answers the question: how do atoms and molecules interact to
create a new system with its own inherent and unique properties? As such, the study of
clusters has been regarded as one of the few remaining frontiers in materials science [1,
3-7].

Clusters may possess properties that are in common, completely dissimilar or
intermediate between bulk and gas phases [2]. A classic example of this phenomenon
would be the properties of a nanometer-sized piece of semi-conducting material [8].
Band theory suggests that many atoms are required to bridge the band gap between the
bonding and anti-bonding orbitals of a semi-conducting material and so a threshold
cluster size would be required to obtain the continuum necessary for the material to
conduct. In silicon-based semi-conductors, it has been determined that as few as 4-7
atoms are required to reproduce the bulk band gap of 1.1 eV [8]. However, some
physical properties can only be reproduced at extremely large cluster sizes. For instance,
it has been estimated that approximately 10° gold atoms are needed to generate cluster

melting points that are even remotely similar to those of the bulk counterpart [9]. Table



1.1.1. summarizes the size regimes required to reproduce various bulk physical and

chemical properties.

Table 1.1.1. Cluster sizes required for obtaining bulk-like behaviour.?

Property Cluster Measurement Cluster Size
Work function (conduction Ionization energies / ~200 atoms
band development) electron affinity
Melting points Heating of deposited > 1 x 10° atoms
clusters
Coordination chemistry Mass spectrometry ~13 atoms
(estimated from magic
numbers)
Bulk structure Electron Diffraction ~2000 atoms
Ion solvation Gas-phase ~10 solvent molecules
Thermochemistry

* Table reproduced from Ref. [5].

As can be seen from Table 1.1.1, the hypothesis that cluster properties can
converge to liquid or solid properties at large cluster sizes is widely debatable. It is also
quite clear that the number of atoms or molecules required to bridge this gap is quite
varied and it depends greatly on the property being probed. What can be said is that the
very nature of clusters provides a convenient range of sizes that span most regimes (nano,
meso) making them amenable for use in size effect studies. Unfortunately, the process of
gradually monitoring any transition from the cluster phase to the bulk is not trivial.

The study of ions in solution has always been of fundamental interest to chemists.
An ion can simply be defined as an atom possessing either a negative or positive charge
in the absence of non-coupled electrons (to protons) [10, 11]. Ions are the quintessential

basis of a multitude of substances that exist in condensed states, namely electrolytic



solutions and ionic crystals. The formal charge ultimately governs the ion’s behaviour in
solution, in a gas or in the solid state, particularly if it is participating as a reactive
species. The properties of ions play key roles in determining the solubility of salts. They
may also influence redox reactions, acid-base chemistry and phase transitions. Ions can
be classified on the basis on their charge (as positive cations or negative anions) or
categorized based on their electronic configuration.

One of the most pertinent questions in chemistry is ‘what are the intrinsic
properties of ions that owe to their reactivity’? Though this may appear to be a trivial
question, more often than not, the properties of ions are coupled to or influenced by other
participants in a molecular system (solvent, crystalline lattice, etc...). Studying the
microsolvation of ions has proven to be an effective means of obtaining such answers to
this question. The microsolvation of metal ions in the gas phase has been the focus of
some intensive research over the last 3 decades and particular attention has been paid to
the energetic, structural and spectroscopic properties of these systems [1-5, 7, 12-44].
Recent studies clearly illustrate that in some cases, as few as 10 solvent molecules are
required to obtain bulk-like properties from ion-solvent clusters. Reproducible properties
include the number of solvent molecules required to dissociate salts or acids [3, 40], bulk
proton hydration enthalpies and free energies, as well as bulk band-gap energies,
photoelectron spectra and absorption data for water. Even redox reactions have been
mimicked under cluster conditions, as well as metal ion-mediated catalysis of various
chemical reactions [3, 39, 40]. Interestingly, it has been proposed that studies of ion-
solvent clusters may provide insight into metal-mediated processes in enzymes. Protein

bound metal ions are in part responsible for mediating enzymatic substrate modifications



often with the aid of coordinated water molecules [1, 45, 46]. Cluster environments are
quite similar to those of metal-binding sites in proteins, as they are both self-contained
and isolated from the ambient environment.

The most notable advantage of cluster studies is that they provide a means for
studying ion solvation at a nano-scale level without the presence of an extensive solvent
continuum [41]. In this manner, direct information regarding the intermolecular forces
that ultimately lead to ion solvation can be obtained. However, there do exist physical
limitations regarding the cluster sizes that are experimentally manageable and so
meaningful cluster-to-bulk comparisons are traditionally based on extrapolation of these
properties to those in the bulk [1, 5].

1.2. EXPERIMENTAL METHODS FOR CLUSTER GENERATION

Several remarkable techniques have been developed over the last few decades that
can be used to successfully generate ion-solvent clusters. For example, ionic clusters can
be formed via the ionization of pre-formed neutral clusters, via the clustering of
molecules about a gas-phase ion or by sputtering and vaporization of condensed materials
[7]. The most popular method used today to produce ionic clusters from a neutral species
is the ‘pick-up’ technique. This method was initially implemented by A.J. Stace and has
gained tremendous popularity over the years [5, 20, 25, 33-38, 47]. The pick-up process
begins with the formation of a neutral cluster. Upon formation, the clusters are subjected
to electron impact (~100 eV) to produce the ionised clusters. Alternatively, one can use
Fast Atom Bombardment (FAB), which is a very popular sputtering technique involving
the use of a particle beam [48]. This beam is composed of neutral atoms that are

projected at high velocities with sufficient energy to promote local vaporization of a



choice material. Finally, ElectroSpray Ionization (ESI) techniques provide the most
efficient means of producing clusters as demonstrated extensively by Paul Kebarle [12-
14, 17, 26, 28, 29, 49]. Largely responsible for introducing the popular tandem
electrospray ionization /mass spectrometry (ESI-MS) technique (initially developed by
Yamashita and Fenn) to the field of ion-solvent studies [50, 51], Kebarle recognised that
ESI was capable of easily producing gas-phase droplets containing solvated ions from
bulk solutions.

The most suitable method for detecting and characterising ion clusters is mass
spectral analysis. This is not unexpected since the ion-solvent clusters can be easily
discriminated on the basis of their mass/charge ratios. However, it should be noted that
the detection efficiency is greatly dependent on the cluster trajectories or energies.
Furthermore, the analysis must be done at low pressures (10 Torr). In the event that a
high-pressure system is being monitored, the gas must be sampled by slowly letting
clusters enter the mass spectrometer via molecular effusion through a small orifice. This
technique is often referred to as high-pressure mass spectrometry. Coincidentally, this
technique was also introduced to the area of cluster research by Kebarle and Hogg [39].
1.3. LANTHANIDE SOLVENT CLUSTERS
1.3.1. An Introduction to the Lanthanides

As was recognized by Niels Bohr in 1918, the lanthanide (Ln) family of elements
has the distinction of being the first group of metals in the periodic table to possess
partially filled f~orbitals [52, 53]. The family consists of all atoms from La to Lu
inclusively. The lanthanides possess a general [Xe]6s4f" electron configuration,

although lanthanum possesses a 65°5d" ground state and cerium a 6s°5d'4f! ground state



[54]. This is because the 6s, 5d and 4f orbitals are similar in energy for these two atoms
[52]. For these reasons, it is often contested whether lanthanum should be considered a
member of the lanthanide family as it formally contains no f-electrons, despite the fact
that it possesses very similar chemical and physical properties to the other Ln atoms.
However, it is included in the rare-earth family of elements, which includes the Group III
transition metals Y and Sc as well as the lanthanides and actinides [52]. The ground-state
electronic configurations of the rare-earth atoms are provided in Table 1.3.1.1. When
ionized, the lanthanides are predominantly trivalent, however, many of them can also be

found as either divalent or tetravalent ions [54].

Table 1.3.1.1. Ground-state electron configurations for the rare-earth elements.

Metal® Electron Configuration®

Sc [Ar]4s°3d"

Y [Kr]55%4d"

La [Xel6s%4f 54"
Ce [Xel6s*4f 154"
Pr [Xe)6s%4f>

Nd [Xel6s74f*
Pm [Xe]6s%4f°
Sm [Xe]6s74f°

Eu [Xel6s?4f”

Gd [Xe)6s*4f"5d"
Tb [Xe]6s%4f°

Dy [Xel6s?4f ™
Ho [Xe]6s741 !

Er [Xe]6s%47 12
Tm [Xe)6s*4f "
Yb [Xel6s?4f '
Lu [Xel6s4f *5d!

? Taken from Ref. [52].



The term ‘rare-earth’ comes from the fact that early in their discovery, the
elemental form of these metals was unknown and it was difficult to extract and isolate
them due to their shared properties. In fact, it was not until 1913 that chemists clearly
identified that the rare-earth family constituted a novel set of elements [52, 53].
However, the name was somewhat of a misnomer as a fair number of the rare-earth
elements are quite common. For instance, the abundance of Ce in the Earth’s crust is
approximately 60 ppm and that of Nd is approximately 30 ppm [52].

The lanthanide elements behave quite differently from the other transition metals
[52, 54]. In fact, they have more in common with the alkali and alkaline earth metals
than they do with most of the d-block elements. A comparison between the key
properties of the lanthanide ions and the transition metal ions is provided in Table 1.3.1.2.
Many of these differences are owing to a shielding of the valence 4f-orbitals by the
outermost 5s- and Sp-orbitals. Since they possess a noble gas-like configuration, for all
intents and purposes, the lanthanide ions behave as hard Lewis acids and as such prefer to
bind to hard Lewis bases such as oxygen and fluorine [S5]. They are particularly
hydrophilic (and hydroscopic) and coordination complexes containing lanthanide ions
complexed to N, S and halogen donors (except fluorine) tend to be unstable in aqueous
media [54]. Because of the aforementioned shielding effect, they also experience little
loss in energy associated with changes in their ligand field, making them virtual
‘chameleons’ in terms of the different coordination numbers and symmetries they adopt
with their ligands. The Ln>" ions are known to bind anywhere from 6-10 ligands, making
them some of the most versatile ions in the periodic table. Though it was disputed for

some time, most chemists agree that the lighter lanthanides prefer to bind closer to 9



ligands whereas the heavier lanthanides prefer to bind only 8 [56-62]. The average
coordination numbers associated with each lanthanide ion in aqueous solution are
provided in Fig. 1.3.1.1. These differences arise from a contraction in the ionic radii
across the entire series due to both a poor screening of the nucleus by the 4f~orbitals and
relativistic effects that cause the valence s- and p-orbitals to experience a greater effective
Given that they can accommodate a large range of ligands, the

nuclear charge [63].

trivalent lanthanide ions are often used as probes of coordination sites in crystals and

glasses, as well as metal-ion binding sites in proteins [64, 65].

Table 1.3.1.2. Comparisons between the properties of Ln** and transition metal ions.

Property Lanthanides Transition Metals

Key orbitals 4f nd

Tonic radii 85-105 pm 60-70 pm

Common coordination  6-10 4o0r6

numbers

Typical coordination Trigonal prism, square Square planar, tetrahedral,
polyhedra antiprism, dodecahedral, tri-  octahedral

Bonding

Bond direction

Bond strengths

Preferred ligands

Solution complexes

capped trigonal prism
Assumed to be predominantly
electrostatic, little metal-
ligand orbital interaction

Little preference

Correlated with the
electronegativity of the ligand

F, OH', H;0, NOs’, CI'

Ionic, rapid ligand exchange

Strong metal-ligand orbital
interaction
Strong directionality

Correlated to amount of orbital
overlap

CN’, NH;, H;O, OH', F

Covalent, slow ligand
exchange

? Taken from refs. [54, 66].
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The most industrially relevant features of the lanthanide ions are their
spectroscopic  properties, with the exceptions of La** and Lu** which are
spectroscopically ‘silent’ [53, 67]. The trivalent lanthanide ions absorb and emit
efficiently in the UV, visible and infrared portions of the electromagnetic spectrum via
4f-4f electronic transitions. The spectral lines associated with each lanthanide ion are
well defined, and so they are convenient to use in devices that take advantage of energy
transfer processes. Examples of such devices include labels in time-fluorescence
spectroscopy, fluorescent probes for diagnostic or fluorescence assays (Fluorescent
Resonant Energy Transfer, FRET), chemical sensors, UV dosimeters, Light Conversion
Molecular Devices (LCMDs), organic light-emitting diodes, sensitizers for
PhotoDynamic Therapy (PDT) and probes of in-vivo cellular activity [67-78]. Since the
lanthanide ions also emit quite strongly in the visible region of the electromagnetic
spectrum, they are often doped into solid-state materials destined for use in light-based
applications. The design of new and unique Ln**-doped nanocrystalline phosphors is
held in high regard, most notably in the display industry where there is an increasing
demand on the market for high-resolution and energy efficient devices [79-85]. Finally,
the magnetic properties of the lanthanide ions, specifically Eu’* and Gd**, also make
them ideal as shift agents for use in Nuclear Magnetic Resonance (NMR) and contrast
agents for Magnetic Resonance Imaging (MRI) [86-89].

1.3.2. The Properties of Lanthanide Ions in Clusters

The solvation of metal ions in the cluster phase has been the focus of much of the

research alluded to in section 1.2. Despite the successes associated with the study of

mono- and divalent metal ion-solvent clusters, the experimental challenges associated
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with the generation of triply charged metal ion-solvent clusters are well-established [5,
14, 18, 21-24, 33, 90, 91]. Many triply-charged clusters quickly become reduced to a
divalent or monovalent state via dissociative electron or proton transfer processes [5, 14,
21-23]. This is because many metal ions have 2™ and 3™ ionization potentials that are
higher than the IE of the complexed solvent. This promotes solvent to ion charge
transfer, which may result in ligand dissociation. Product anions resulting from this
dissociation can later complex the ion, thus reducing the formal charge of the cluster.
Most noteworthy of such solvents is water, which like other protic solvents, can be
deprotonated to produce other reactive and charged species. Not surprisingly, the issues
and challenges regarding the solvation of trivalent lanthanide ions in protic solvents have
been well documented in the literature [14, 18, 22, 24, 33, 90]. However, recent studies
have reported the first incidence of stable Ln3+(H20)n clusters detected from cluster
generating experiments [92]. This only occurred at large cluster sizes, n > 15, suggesting
that at large n, cluster reduction reactions may be minimized.

It should be noted that lanthanum and cerium should be good candidates to obtain
trivalent lanthanide ion-protic solvent clusters, as they have 3™ jonization potentials that
are comparable to the 2" jonization potential of copper, that can readily form Cu?*(H,0)n
clusters under the appropriate conditions [20]. This was demonstrated in the work of
Bush e al. [92]. The ionization potentials of the lanthanide metals and several solvents
are provided in Table 1.3.3.1.

1.4. COMPUTATIONAL CHEMISTRY
Understanding the structure and dynamics of ions in solution or in cluster phase is

one of the keys to understanding their reactivity. Of particular importance is the
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Table 1.3.3.1. lonization potentials (in eV) of the lanthanides and those of prototype

solvents used in cluster studies.

Metal® 1 1IP 2 1p 34 1p
La 5.579 11.06 19.18
Ce 5.47 10.86 20.20
Pr 5.42 10.55 21.62
Nd 5.49 10.72 22.1
Pm 5.56 10.90 223
Sm 5.63 11.07 23.4
Eu 5.67 11.25 24.8
Gd 6.14 12.2 20.6
Tb 5.85 11.53 21.9
Dy 5.93 11.67 22.8
Ho 6.02 11.80 22.8
Er 6.10 11.93 22.7
Tm 6.184 12.05 23.67
Yb 6.254 12.18 25.03
Lu 5.426 13.9 20.96
Solvent 1t IP

H,0 12.62°

CH;CN 12.19°

CH;0H 10.85¢

CH;COCH; 9.7

* Lanthanide metal ionization potentials obtained from Ref. [54].
® Obtained from Ref. [93].
¢ Obtained from Ref. [94].
4 Obtained from Ref. [95].
° Obtained from Ref. [96].

reactivity of ions in water, as it is without question the most important and ubiquitous of
all solvents used in chemistry and biology. Although many techniques are available to
probe the properties of these systems, a detailed analysis of the interatomic interactions
that govern these systems is unattainable by conventional experimentation. As such,
molecular modeling can provide a convenient means of extracting many of the answers
that experimentation cannot provide. Since the very nature of clusters is that they are

small systems, they can be conveniently characterised via a wide array of computational
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techniques. Various simulations of ion-solvent clusters can be found at length in the
literature [3, 46, 91, 97-130].

The simulation of clusters can be accomplished using:

1) Quantum chemical methods (ab initio calculations, density functional

methods)

2) Force fields and model potentials for use in molecular mechanics, Monte

Carlo or molecular dynamics simulations

3) Hybrid methods (quantum mechanics/molecular mechanics QM/MM hybrids)
Quantum chemistry methods (QM) provide the most robust means of determining the
properties of a molecular system, as its foundation is well rooted in solving complex
approximations of the Schrodinger equation. In contrast, force fields and model
potentials are made of much simpler, chemically-intuitive functions to describe
interatomic interactions. These calculations may not provide the reliability associated
with the aforementioned QM methods, however, they do provide an excellent avenue for
assessing the properties of large molecular systems. The hybrid methods attempt to
bridge this gap by providing some manner of quantum chemical accuracy while allowing
for the sampling of large arrays of potential configurations.

The field of computational chemistry is ever growing and new developments have
made simulations an ideal means for supporting experimental results or gaining new
insight into chemically relevant problems. The awarding of the Nobel Prize in Chemistry
to both Walter Kohn and the late John Pople in 1998 is a testament to the advances made

in this field and is a reflection of its contributions to the field of chemistry as a whole.
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1.5. STATEMENT OF THE PROBLEM
This thesis will address the following questions:
1) What is the nature of the metal to ligand bonding in trivalent lanthanide ion-solvent
clusters?
2) What is the coordination structure of lanthanide ions in lanthanide ion-solvent
clusters?
3) Why are trivalent lanthanide ion-solvent clusters so difficult to detect experimentally,
particularly in protic solvents?
4) Can a link between the cluster and bulk properties of trivalent lanthanide ions be
made?
5) Can one extend the present findings to other Ln**-solvent clusters?
The answers to these questions will be obtained using a combination of various molecular
modelling techniques. First, a detailed survey of the structural, energetic and electronic
properties of small lanthanide-water and lanthanide-acetonitrile clusters will be
conducted using high-level quantum chemistry calculations. These calculations will
yield the necessary information to assess the properties of lanthanide to ligand bonds in
the cluster phase. The properties inherent to these lanthanide-solvent clusters will be
used to develop and parameterize model potentials for use in Monte Carlo simulations of
far larger ion-solvent clusters (n = 1-128). A particular emphasis will be placed on the
effects of cluster size on the coordination number and structure of the lanthanide ions.
Furthermore, the convergence of both the energetic and structural properties of the
lanthanide ion-solvent clusters to those properties found in the bulk will be probed.

Given that small, lanthanide ion-water clusters may only serve as models of solvated
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lanthanide ions, as they only appear to form experimentally at large n, cluster

deprotonation as the most likely pathway for the loss of the 3+ charge state of these

clusters will also be investigated. This work can potentially have significant impact on

the following areas:

i) Ion-solvent cluster research

ii) Modelling and design of solid state materials
iii)  Modelling of metal ion binding sites in proteins
1.6. FORMAT OF THE THESIS

The layout of the thesis is as follows:

A reproduction the paper entitled “On the Nature of Bonding Interactions in Small
Metal Ion-Water Clusters” is presented in Chapter 2. This paper contains results
pertaining to the structural, electronic and energetic properties of trivalent lanthanide-
water dimers and trimers. These results were used as the basis for the design of
model potentials. This paper is to be submitted to the Journal of Physical Chemistry
A.

The development and assessment of the aforementoned model potentials are
presented in Chapters 3 and 4. Chapter 3 contains a reproduction of the paper entitled
“A Theoretical Study of Trivalent Lanthanide Ion Microsolvation in Water Clusters
from First Principles”, originally printed in Int. J. of Mass Spectrom., v. 241, 2005,
pg. 283-294. Chapter 4 is a copy of the paper entitled “A Theoretical Study of the
Hydration of Trivalent Lanthanide Ions Across the Series”, that is to be submitted to
the Canadian Journal of Chemistry. These papers report the structural and energetic

features of lanthanide ion-water clusters obtained from room-temperature Monte
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Carlo simulations. They also contain an assessment of the reliability of the model
potentials.

» Chapter 5 contains a reproduction of the paper “Are Trivalent Europium-Water
Clusters Stable Species? A Theoretical Study of the Deprotonation of Eu**(H,0),
Clusters”. This paper explores the feasibility of forming trivalent lanthanide ion-
water clusters under the conditions typically used in cluster experiments and
highlights many of the differences between the chemical properties of lanthanide ions
in water clusters and in the bulk. This paper is to be submitted to the Journal of the
American Chemical Society.

» Chapter 6 reports the simulations of lanthanide ion-acetonitrile clusters. As was the
case in the study of water-based clusters, this paper focuses on the structural and
energetic properties of such clusters obtained using room-temperature simulations.
Entitled “Structural and Thermodynamic Properties of Lanthanide-Acetonitrile
Clusters”, this paper is to be submitted to the Journal of Physical Chemistry A.

At the end of each section, linking text will be provided summarizing the key points

required for proceeding onto the next chapters, as well as the contributions of the various

authors. Finally, conclusions and a future work section will be provided at the end of the

thesis.
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CHAPTER 2

On the Nature of Bonding Interactions in Small Metal Ion-Water Clusters

Sean R. Hughes, John A. Capobianco and Gilles H. Peslherbe

Centre for Research in Molecular Modeling and Department of Chemistry & Biochemistry
Concordia University

7141 Sherbrooke St. West

Montréal, Québec, Canada, H4B 1R6

Last Revised: August 2006
To be submitted to J. Phys. Chem. A.

ABSTRACT

Investigations of aqueous clusters containing metal ions, M¥(H,0),, have
garnered much attention over the years. However, the nature of the bonding interaction
between the metal ions and the solvent molecules in these clusters is still not thoroughly
understood. These interactions are reportedly covalent in some complexes, such as Be**
(H,0) and electrostatic in others such as Na" (H,0). In this article, quantum chemistry
calculations and the Atoms in Molecules (AIM) and Electron Localization Function
(ELF) are used to gain qualitative and quantitative insight into how water molecules bind
to metal ions (Li*, Na', K¥, Be**, Mg®*, Ca?*, A", S¢**, Y**, Eu®") in small clusters (n =
1, 2) and to determine the key forces that govern this interaction. The results are
discussed within the framework of a detailed analysis of the cluster energetic, structural
and electronic properties. Our findings indicate that those ions possessing large
charge:size ratios appear to form the strongest bonds with water. Polarization effects
appear to play a pivotal role in influencing the structural features of the clusters, as
evidenced by the changes to the bond lengths and angles of complexed H,O, as well as
the spatial arrangement of water molecules in the cluster. ELF analyses suggest that

there is little sharing of electrons in the bonds formed between the Group I or II metal
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ions and water, but very slight covalent character is present in clusters containing
trivalent metal ions. Results also suggest that the observed ‘bent’ structures for n = 2 are
formed primarily from distortion of the metal subvalence shell. The AIM analysis
reveals the strong closed-shell character of the metal ion-water bonds in clusters
containing metal ions of low to moderate charge:size ratio. Yet, clusters containing ions
with high charge:size ratios show a slight dominance of the virial field component and
negative values of the local energy density at the M-O bond critical points, indicating
again that there is some very slight shared-shell character to the M-O bonds in these
clusters.

Keywords: Atoms in Molecules, Electron Localization Function, Cluster ions, ab initio

Calculations, Charge Transfer, Polarization.
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2.1. INTRODUCTION

Studies of aqueous clusters containing metal ions have garnered much attention
over the last few years both from a theoretical [46, 100-102, 104, 105, 109-112, 114, 116,
119-122, 124, 126, 128, 129, 131, 132] and experimental standpoint [12-17, 27-30, 34,
37, 133]. Cluster research has provided means for understanding the fundamental
interactions that give rise to bulk solutions [134], that affect phase transitions [134] and
that govern metal-ligand interactions in complex environments, for example in proteins
[46, 105, 119, 121]. Several theoretical studies [100, 101, 109-112, 122] have dealt with
the solvation of metal ions in small clusters. A typical feature of clusters containing large
metal ions and 2 water molecules, for example Ca2+(H20)2, is that the O-M-O bond angle
is less than 180° resulting in a bent cluster structure with Cs or C, symmetry, in sharp
contrast to the ‘linear’ D,q structures obtained in clusters containing small metal ions,
such as Li". The C, and Dyq configurations are depicted in Fig. 2.1.1.

It has been previously suggested that both polarization and covalent bonding play
prominent roles in the O-M-O bending motif observed in both monovalent and divalent
metal ion-water clusters [104, 105, 110-112, 119, 121, 122, 126]. The partial covalent
character of the metal-solvent bonds was surmised from observed solvent-to-metal charge
transfer phenomena. However, reasons for interpreting charge transfer as evidence for
covalent bonding, and not simply as charge transfer were not discussed in any detail.

The nature of bonding interactions in metal ion-water clusters depends on several
key factors. Most light ions are considered to be ‘hard’ ions, preferentially associating
with other ‘hard’, non-polarizable ligands [135, 136]. These interactions are presumed to

be electrostatic in nature although some ions may form dative covalent bonds with water
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Figure 2.1.1. Typical C; and Doy MY (H,0), structures.
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[104, 105, 114]. For instance, the binding energy of the sodium ion to water is ~25
kcal/mol, and the sodium ion-water interaction is traditionally thought to be an
electrostatic interaction [17]. In contrast, the Be** to water binding energy has been
predicted to be ~150 kcal/mol [104] and the Be**-water interaction is considered to be of
the dative covalent type. It has been shown that clusters containing ions with high
charge:size ratios exhibit appreciable charge transfer between the cation and bound water
molecule, whereas this transfer appears minimal in clusters containing larger, monovalent
ions [104, 105, 112, 119, 121, 122, 126]. Again, this has been interpreted as a sign of
increased covalency in the metal ion to water interaction for metal ions with high
charge:size ratios.

Several advanced theoretical methods have proven remarkably effective in
yielding both qualitative and quantitative information regarding the nature of chemical
bonding in molecules. For example, the Natural Bond Orbital theory of Weinhold and
co-workers [137], the Electron Localization Function (ELF), derived by Becke and
Edgecombe [138, 139], and the theory of Atoms-in-Molecules (AIM), developed by
Bader and co-workers [140, 141], are all rigorous and reputable methods capable of
classifying different types of bonding interactions. To our knowledge, these methods
have only been applied sparingly to the analysis of metal ion-solvent clusters [130, 142,
143].

The goal of this work is to characterize the various interactions that govern the
energetics and structures of small metal ion-water clusters, M¥(H,0),, where n = 1 and
2. The metal ions used in this study include all Group I metals from Li" to K, as well as

all Group II metals from Be?* to Ca?*. Furthermore, a variety of trivalent ions, notably
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AI*, S¢**, Y** and Eu** jons have also been considered. The metal ion-water binding
energies and several key structural features of the clusters have been predicted using
quantum chemistry calculations, and subsequent atomic point charge analyses were used
to determine the extent of charge transfer in each of these systems. Furthermore, we have
made use of Natural Bond Orbital (NBO) theory [144, 145] to assess metal ion valence
orbital occupancies and Natural Resonance Theory (NRT) [146, 147] to determine the
amount of electrostatic and covalent character inherent to the metal ion-water bonds in
these clusters. Where available, we have made comparisons between our aforementioned
studies and those found in the literature. We also present a topological and quantitative
analysis of the electron density using both the AIM and ELF analyses in order to
ascertain the nature of the metal ion-water bonds.
2.2. COMPUTATIONAL PROCEDURES

All ground-state quantum chemistry calculations were performed using the
Gaussian 98 program [148], employing either Becke’s three parameter, Lee, Yang, Parr
hybrid density functional (B3LYP) [149, 150] or second-order Mgeller-Plessett (MP2)
perturbation theory [151]. The 6-31G+(2d,p) basis set [152] was used for all atoms with
the exception of Y and Eu. These ions were represented by Stuttgart-Dresden-Bonn
(SDD) [153, 154] pseudopotentials and valence basis sets; the large core pseudopotentials
(LC) were used for Eu. Ground and transition state geometries were characterized by
frequency analysis. The metal ion-water binding energies were corrected for zero-point
energy and for Basis-Set Superposition Error (BSSE) using the Counterpoise method

[155].
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Mulliken [156] and Electrostatic Potential (ESP) [157] atomic point charges were
determined using Gaussian98 [148], while Atoms-in-Molecules (AIM) [140] charges
were calculated with the AIMPAC [158] and AIM2000 [159, 160] packages, and Natural
Bond Orbital [144, 145] charges were obtained with the NBO 4.0 package [161]. The
NBO 4.0 set of programs was also used for our Natural Population Analysis (NPA) and
Natural Resonance Theory (NRT) calculations [146, 147, 161]. Molecular dipole
moments were estimated based on the charge distributions and the water geometries in
the cluster.

An in-depth derivation of the electron localization function (ELF) has been given
by Becke and Edgecombe, to which the reader is referred to for a more detailed account
of the methodology [138, 139]. The ELF is related to the pair probability of two same-

spin electrons in space and is expressed as:

n(ﬂ{“@%} J , 3.2.1.1.

where D, is the excess local kinetic energy density due to Pauli repulsion and D,’ is the
Thomas-Fermi kinetic energy density. When #(r) = 1, there is perfect localization of an
electron and a value of #(r) = 0.5 is equivalent to the localization of an electron in a
homogeneous electron gas (representative of delocalization). Regions possessing ELF
values close to unity are termed attractors and are regions of high electron density. The
ELF can be divided into basins by tracing the path of steepest ascent from each attractor,
identifying regions containing core, valence or ‘bonding’ electrons. The terms mono-, di-
and polysynaptic are used to reflect the connectivity of the basins. For example, a

bonding basin representative of a single bond between two atoms is termed disynaptic
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since it ‘connects’ two attractors. Basins containing only a proton are called protonated
valence basins. Basin populations, N(€2), can be estimated by integrating the electron
density over the basin volume, €2, and the basin fluctuation, A(£2), which is representative
of the electron delocalization, is expressed from the statistical population variance,

o(N,€), as:

a*(N,Q)

Q)= NG)

3.2.1.2.

In this work, the ELF was calculated using the ToPMoD package developed by
Noury et al. [162] and visualized with the SciAN program [163]. The ToPMoD set of
programs provides a quantitative analysis of the ELF. The topological features of the
gradient vector field of the ELF were obtained with the ToP_GRID program using a
stepsize of 0.10 A for the dimers (n = 1) and a stepsize between 0.15-0.20 A for the
trimers (n = 2). The basin analysis was done using the default settings of the ToP_BAS
program. The threshold for basin integration used in the ToP_POP program was 107,
which was used to determine the basin populations.

As in the ELF formalism, AIM theory also divides the electron density of a
molecule such that an atom is assigned an attractor and a surrounding basin [140].
Atomic basins are obtained by following the gradient vector field of the charge density,

Vp, in a manner much akin to ELF. Furthermore, the (de-)localization of charge can be
monitored via a topological analysis of the Laplacian, V?p. The resulting molecular
graphs yield a variety of interconnected paths arising from so-called critical points, that
correspond to maxima, minima or saddle points of p. These points are assigned a rank,

o, and a signature, 6, which are the number of non-zero curvatures in p and the sum of
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their signs, respectively. For instance, a (3,-1) bond critical point (BCP) identifies a
region where the gradient vector field becomes zero between two atoms. An interaction
line or ‘bond’ path can be traced through this point and the two aforementioned nuclei,
constituting a line of maximum electron density. A gradient vector field line
perpendicular to this line and passing through the BCP defines the basin boundaries of
the two atoms. The rank and signature of atomic nuclei are (3,-3) and those of ring and
cage critical points are (3,+1) and (3,+3) points, respectively.

AIM theory has a successful history of yielding both the quantitative and
qualitative characteristics of electrostatic, covalent, van der Waals and hydrogen bonding
[141]. AIM calculations were performed for both the B3LYP and MP2 wave functions
and electronic densities, but only the MP2 results will be reported as B3LYP yields
essentially similar results.

2.3. RESULTS AND DISCUSSION
2.3.1. Structures

Tables 2.3.1.1. and 2.3.1.2. list the structural features of the dimer and trimer
structures determined from B3LYP and MP2 calculations, where they are compared with
previous studies. Clearly, the larger ions have a tendency to bind less closely to water.
Water binds least tightly to Cs* at a distance of ~3 A while the shortest metal ion-water
distance is in the Be**(H,0) cluster at ~1.5 A. The metal ion-water distances appear to
be shortest for clusters containing small metal ions with high charge:size ratios, namely
Be*, A", Li, Sct and Mg2+. These charge:size ratios are presented in Table 2.3.1.3.
Other ions with high charge:size ratios, for example, Y°* and Eu®", involve larger ion-

water distances, due to their relatively larger ionic sizes. For instance, the larger alkali
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Table 2.3.1.1. Structural features of M¥"(H,0).?

Structure '™M-O ro-H ZH-0-H AI‘o.H AZro-H Method

H,0 - 0.96 105.2 - - b
- 096 104.7 - - c
Li*(H,0) 1.84 097 1061  0.01 0.9 b
1.88 097 1057  0.01 1.0 c
Na'(H,0) 222 097 1052  0.00 0.1 b
228 096 1047  0.00 0.0 ¢
227 096 1045 - - [129]
K'H,0) 265 097 1047  0.01 -0.5 b
268 096 1041  0.00 -0.6 c
262 096 1040  0.00 -0.7 [122]
Rb'(H,0) 281 096 1040  0.00 -0.9 [122]
Cs'(H,0) 3.00 096 1038  0.00 -0.9 [122]
Be™(H,0) 149 1.00 1085 0.04 3.3 b
151 099 1086  0.03 3.9 ¢
151 099 107.8  0.03 5.3 [104]
Mg?(H,0) 192 098 1063  0.02 1.1 b
195 098 1057  0.02 1.0 c
1.94 097 1057 ~0.01 ~1.0 [111]
Ca**(H,0) 229 098 1042  0.01 -1.0 b
230 097 103.8  0.01 -0.9 c
225 097 1035 -0.01 -1.5 [122]
S (H0) 245 095 1042  0.00 0.5 [122]
AP'(H,0) 175 1.02 1084  0.06 3.1 b
175  1.02 1077  0.06 3.0 c
172 1.02 1065  0.06 2.4 [132]
S (H,0) 194 1.02 1053  0.06 0.1 b
199 1.01 1046  0.05 -0.1 c
194 1.01 103.0 0.05 -1.7 [122]
Y¥H0) 216 1.00 1040  0.04 -1.3 d
217 100 1033  0.04 -1.4 e
2.15 099 1020  0.04 2.5 [122]
La¥*(H,0) 237 099 102.0 0.03 2.7 [122]
Eu®’(H,0) 224 1.00 1037  0.03 -1.5 d
226 099 103.0  0.03 -1.7 e

* Distances in A and angles in degrees ® Quantum chemistry calculations performed with B3LYP/6-31+G(2d,p) as discussed in the text
¢ Quantum chemistry calculations performed with MP2/6-31+G(2d,p) ¢ Quantum chemistry calculations performed with B3LYP/6-
31+G(2d,p)/SDD °© Quantum chemistry calculations performed with MP2/6-31+G(2d,p)/SDD.
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Table 2.3.1.2. Structural features of M (H,0),.2

Structure Sy ™o Ton Zpon ZLomo Aron Aluyony Method
m.
H,O Cy - 096 1052 - - - b
Cyw - 096 1047 - - - c
Li'(H,0), Dy 1.85 097 106.0 180.0  0.01 0.8 b
Dyy 1.88 096 105.6 180.0  0.00 0.9 c
Na'(H;0), Dy 223 097 1052 180.0  0.00 0.0 b
Dy 229 096 104.7 180.0  0.00 0.0 c
Dy 230 096 1045 180.0 - - [129]
K'(H,0), Dy 2.68 097 1047 180.0  0.01 0.0 b
C, 264 096 104.1 113.9  0.00 -0.6 c
Cs 269 - - 180.0 - - [122]
Cs'(H,0), Cs 3.03 - - 1133 - - [122]
Be”'(H;0), Dy 1.52 099 108.4 180.0  0.03 3.2 b
Dyy 1.53 098 108.5 180.0  0.02 3.8 c
Dy 1.52 098 108.1 180.0  0.02 5.6 [126]
Mg*(H,0), Dy 194 098 106.0 180.0  0.02 0.8 b
Dy 196 098 105.6 180.0  0.02 0.9 c
Dyy 196 096 105.8 180.0 ~0.01 ~1.0 [111]
Ca®(H,0), G, b
C, 232 097 103.8 1293  0.01 -0.9 c
C, 232 096 1043 1326 ~0.01 ~1.0 [111]
C 229 - - 141.0 - - [122]
SP*'(H,0), Co 249 096 104.4 116.3 ~0.01 ~1.0 [111]
Cs 246 - - 117.5 - - [122]
AP (H,0), Dy 1.76 1.01 107.2 180.0  0.04 2.0 b
Dy 1.77 1.00 107.0 180.0  0.04 2.3 c
S¢TH0), C; 199 1.00 1049 119.6  0.04 -0.3 b
C, 203 099 1045 1141 0.03 -0.2 c
C 202 - - 116.5 - - [122]
Y'H0), C, 220 099 104.1 112.7  0.03 -1.1 d
C; 220 099 1035 110.5  0.03 -1.2 e
C 224 - - 1122 - - [122]
La¥*(H,0), C, 244 - - 107.0 - - [122]
Evr*(H,0), C; 229 099 103.2 108.0  0.02 -1.5 d

“ Distances in A and angles in degrees ® Quantum chemistry calculations performed with B3LYP/6-31+G(2d,p) as discussed in the text
¢ Quantum chemistry calculations performed with MP2/6-31+G(2d,p) ¢ Quantum chemistry calculations performed with B3LYP/6-
31+G(2d,p)/SDD °© Quantum chemistry calculations performed with MP2/6-31+G(2d,p)/SDD.
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metal ions bind at very large distances, ranging from ~2.5 A to ~3.0 A. Similar trends are
seen in the metal ion-water distances of the trimer structures, however, these are larger
than those for the dimer by ~0.05 A. This can be attributed to the solvent-solvent
repulsions and a screening of the coordinated ion by the presence of additional solvent
molecules.

Tables 2.3.1.1. and 2.3.1.2. also list the ground-state geometries of both the
uncomplexed and complexed water. Our calculations predict a gradual shrinking of the
H-O-H bond angle proceeding down the clustered alkali metal ion series. A similar
behavior is observed for Ca®’(H,O), but it is not conserved for Be2+(H20) and
Mg**(H,0), where breathing of the H-O-H bond angle is observed instead. This may be
due to polarization of the electron density of water, as has been shown previously for the
Mg2+ -water bond [111]. The polarization of water is greater for the Be*(H,0) cluster
given that Be®" has a higher charge:size ratio. This is reflected by much larger bond
angle breathing for Be?’(H,0) (3.7° versus 1.0°. Similar features are found for
AI¥*(H,0), where the bond angle breathing is intermediate between that of Mg® (H,0)
and Be?*(H,0), which is not surprising since the A" jon has an intermediate charge:size
ratio between Be?* and Mg*".

The O-H bond distances listed in Table 2.3.1.1. also increase upon ion
complexation, most notably in Be?*(H,0), A**(H,0) and Mg?*(H,0), implying that once
again polarization of the metal ion-oxygen bond is of paramount importance in the
overall structure of the cluster. On the other hand, the Group I metal ion-water clusters

exhibit little changes in the O-H bond lengths since these ions are only weakly polarizing.
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Though O-H bond lengthening is observed in Sc**(H;0), Y '(H,0) and
Eu’’(H,0), it is interesting to note that the H-O-H bond angle decreases by as much as
~2°, which contrasts our previous observation that ions with high charge:size ratios tend
to induce H-O-H bond angle breathing. These ions all share similar charge:size ratios,
between 3.5 and 5.5. e/A, and relatively more polarizable than the other metal ions
studied. Based on our data, the ionic size and polarizability of the metal ion appear to
affect primarily the H-O-H bond angle, while the charge:size ratio mostly influences the
O-H bond lengths.

Similar changes of the O-H bond lengths and the H-O-H bond angles are found
for the metal ion-water trimers, but these effects are less pronounced. This is due to an
increased shielding of the ion’s charge by the presence of the additional solvent molecule,
which results in longer metal ion-water distances and thus, weaker ion-solvent
interactions. Given that these structural changes appear largely influenced by short-range
polarization effects, it is not surprising that these taper off with increasing ion-solvent
distances [165].

As reported previously [110, 111, 122], linear D4 structures (see Fig. 2.1.1.)
prevail for all trimers containing light metal ions, namely Li*, Na*, Be*", Mg** and AI**,
with the exception of K*, which according to the MP2 results, predicts that the linear
conformation is a 1%-order saddle-point structure and the C,-like structure to be more
stable. On the other hand, the B3LYP model chemistry predicts that the D4 structure is
most stable. It should be noted that Kaupp ef al. [122] have found that both C and C,-
like structures are iso-energetic with the D,g structure using an MP2/SDD model

chemistry.
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The O-M-O bond angles listed in Table 2.3.1.2. distort substantially from 180° in
Mg (H;0), to ~130° for Ca®*(H,0),, and shrinks to as low as 108° for Eu’*(H,0),. The
O-M-O bond angles become smaller as one moves across a period, for example, the O-
M-O bond angle is reduced by 10.6° from Ca®'(H,0), to Sc>*(H,0),. These features
have been reported previously for similar clusters and our values vary by at most ~5.0°
with respect to previously reported calculated data [110, 111, 121, 122]. The only glaring
deviation is with respect to the O-Ca-O bond angle, which was reported previously to be
~141° [122]. However, our results are comparable to those of Kaufman-Katz et al.
(124.5°) and Bauschlicher ef al. (125.5°) [101, 121].
2.3.2. Energetics

Tables 2.3.2.1. and 2.3.2.2. list the binding energies of the metal ion-water dimers
and trimers, respectively, where they are compared to literature values [110, 111, 122,
126, 128, 132]. The dimer binding energies decrease down the groups. The Group I
metal ion-water binding energies decrease by as much as 20 kcal/mol, while a far more
significant gap is observed for clusters containing Group II metal ions. For example, the
Be?* and Sr** jon-water binding energies differ by ~95 kcal/mol, in agreement with the
larger metal ion-water bond distances reported in Table 2.3.1.1. The strongest binding
energy is that of AP*(H,0) at ~200 kcal/mol and the weakest is for Cs"(H,0) at ~14
kcal/mol [110, 111, 122, 126, 128, 132]. Our calculations agree quite well with the
previous predictions listed in Tables 2.3.2.1. and 2.3.2.2.

On account of the larger metal ion-water distances in the trimer structures, the
second stepwise binding energies are smaller than those for the dimers. The largest

differences between the first and second stepwise binding energies are observed for
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Table 2.3.2.1. Binding energies (kcal/mol) of M*' (H,0).

Structure D, Method
Li*(H,0) 34.6 a
33.3 b
34.4 [110]
Na'(H;0) 24.8 a
23.6 b
21.1 [129]
K'(H,0) 17.9 a
18.3 b
18.8 [110]
Rb"(H,0) 16.1 [110]
Cs'(H;0) 14.0 [110]
Be™ (H,0) 146.1 a
138.5 b
150.0 [126]
Mg** (H,0) 82.5 a
77.8 b
78.8 [111]
Ca?*(H,0) 53.9 a
523 b
53.7 [111]
Sr**(H,0) 472 [111]
AI*(H,0) 204.5 a
191.7 b
199.6 [132]
Sc**(H,0) 162.0 a
133.5 b
1412 [122]
Y3 (H,0) 112.9 c
102.5 d
109.9 [122]
La**(H,0) 87.8 [122]
Ev’*(H,0) 103.1 c
90.7 d

* Quantum chemistry calculations performed with B3LYP/6-31+G(2d,p).

® Quantum chemistry calculations performed with MP2/6-31+G(2d,p).

¢ Quantum chemistry calculations performed with B3LYP/6-31+G(2d,p)/SDD.
¢ Quantum chemistry calculations performed with MP2/6-31+G(2d,p)/SDD.
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Table 2.3.2.2. Binding energies (kcal/mol) of M¥ (H,0),.

Structure D, Symmetry Method
Li"(H,0), 30.4 Dayg a
29.9 Dag b
29.9 Dag [110]
Na+(H20)2 22.5 Dzd a
21.9 Dag b
20.1 Dag [129]
K'(H,0), 16.2 C, a
17.6 C, b
16.9 Dag [110]
Rb*(H,0), 14.6 C, [110]
15.1 Cs [122]
Cs'(H,0), 12.7 C, [110]
Be™'(H,0), 117.9 Dog a
114.6 Dag b
124.2 Dag [126]
Mg (H,0), 72.7 Dy a
70.2 Dy b
70.6 Dag [111]
Ca®*(H,0), 48.0 Cy a
48.6 Ca b
48.5 Cs [111]
S (H,0), 422 Dag [111]
AP (H,0), 167.1 Dog a
162.0 Dag b
Sc** (H,0), 115.1 C, a
107.1 C, b
107.8 Cs [122]
Y¥*(H,0), 91.6 C, c
86.2 Cs d
88.8 C, [122]
La** (H,0), 75.7 Cs [122]
Euv**(H,0), 78.3 Cy d

* Quantum chemistry calculations performed with B3LYP/6-31+G(2d,p) model chemistry.

® Quantum chemistry calculations performed with the MP2/6-31+G(2d,p) model chemistry.

¢ Quantum chemistry calculations performed with the B3LYP/6-31+G(2d,p)/SDD model chemistry.
4 Quantum chemistry calculations performed with the MP2/6-31+G(2d,p)/SDD model chemistry.
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Be2+(H20)n, as well as the trivalent metal ion—water clusters (~25 kcal/mol). In contrast,
the difference between the first and second stepwise binding energies is smallest for
clusters where the charge:size ratio of the ion is very small. For example, a difference of
2 kcal/mol is observed in the stepwise binding energies of K'(H,0) and K'(H,0),
clusters. Optimizations of trimers containing larger ions resulted in D4 first-order saddle
point structures, which is likely a transition state associated between two mirror-image C,
structures. Clusters that exhibited this behaviour included Ca®*, Sc**, Eu**, Y°* and
K'(H,0); clusters. The binding energy differences between the ground state and saddle
point structures were found to be as low as 0.1 kcal/mol for the Dyg and C; structures of
K'(H;0), and Ca*’(H,0),), and as high as 4 kcal/mol for those of Y>*(H,0), and
Ev’*(H,0).
2.3.3. Charge Analysis

Table 2.3.1.3. lists the ionic sizes, charge:size ratios and polarizabilities of the
metal ions, and the calculated, partial atomic charge distributions in the dimers and
trimers determined from Mulliken, ESP, NBO and AIM analyses. The Mulliken-derived
atomic point charges, which have also been used in previous work [104, 105, 119, 121,
126], appear to be overestimated, compared to those obtained from ESP, NBO and AIM
analyses for the smaller metal ions studied. For example, the charge of the Be** ion in
the dimer is reduced by 0.60e according to the Mulliken analysis, but the ESP, NBO and
AIM charge analyses predict a reduction of only 0.12, 0.07 and 0.05e, respectively.
Similarly, the Mulliken charge of the Li” ion is much smaller than that determined by
other methods. This leads us to question the validity of the Mulliken approach for

estimating charge transfer in such a system as was done previously [104, 105, 119, 121,
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126]. This is not a surprising result, given the well-known limitation of the Mulliken
analysis [156].

Regardless of the charge analysis method employed, the metal ions with high
charge:size ratios experience a significant charge reduction when bound to water. The
ions whose charges are most reduced are Sc** and Be**, which lose 10% and 7% of their
formal charge, respectively. The charges of the AI** and Y** ions are also reduced
significantly by ~6% each. In contrast, the alkali earth metals do not undergo a
significant loss of positive atomic charge upon complexation. Of note is that the partial
atomic charges of the metal ions are, in general, less positive than those obtained in the
dimer calculations, simply due to the fact that two water molecules charge transfer now
to the ion.

The partial atomic charges of the oxygen atoms become more negative in dimers
where the metal ion has a high charge:size ratio, despite the significant transfer of
negative charge from the water molecule to the metal ion. The positive charge of the
hydrogen atoms obviously increase accordingly. Charge transfer effects appear to be
exaggerated by the ESP analysis compared to the AIM and NBO results. Nevertheless,
the charge analyses suggest a strong distortion of the electron distribution of water upon
complexation with a metal ion that is accompanied by the structural changes in water that
were discussed in the previous section. For trimers, the charges of the oxygen atoms
become even more negative at the expense of the hydrogens’ positive charges. The
clusters for which charge transfer is most prominent are those containing the trivalent
metal ions and Be®*. However, it is interesting to note that Be**, which has the highest

charge:size ratio has a less reduced charge than Sc**.
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The changes in the dipole moments of the complexed water molecules are listed
in Table 2.3.3.2. According to the ESP charge analysis, the dipole moment of the
complexed water molecule increases the most for AI**(H,0), by 2.32 D. In contrast, the
smallest increase is observed for K'(H,0), where the dipole moment of water increases
by only 0.45 D. Once again, these effects are less pronounced in both the AIM and NBO
results. According to the NBO analysis, the dipole moments of water increase by only
0.78 D for AI**(H,0) and 0.23 D for K*(H,0), leading us to question the validity of the
ESP charge analysis method for investigating polarization in metal ion-water clusters. As

expected, the induced dipole moments of water increase for the trimers.

Table 2.3.3.2. Changes in the dipole moment of water® in M%"(H,0).

Metal Ap
ESP® AIM® NBO®
n=1 n=2 n=1 n=2 n=1 n=2
Li 1.11 1.16 0.11 0.33 0.31 0.25
Na* 0.86 1.05 0.04 0.32 0.26 0.26
K 0.45 0.48 0.18 0.28 0.23 0.22
Be* 1.64 1.00 0.41 0.61 0.69 0.51
Mg 1.59 1.39 0.35 0.59 0.57 0.57
Ca* 1.11 1.06 0.43 0.54 0.53 0.47
A 2.32 1.35 0.53 0.80 0.78 0.72
S 1.64 1.67 0.53 0.64 0.38 0.73
Y3;+ 1.301‘: 1.67: 0.383 0.371‘; 0.69° 0.49°
Eu 1.28 1.14 0.49 0.48 - -

* Change in the water dipole moment upon complexation (Debye), based on calculated partial atomic
charges. The sum of the water atomic charges is not exactly zero, and the origin was chosen as the
midpoint between the hydrogens in the calculation of the dipole moments. All dipole moments were
obtained from MP2/6-31+G(2d,p) calculations except for ® Calculated using MP2/6-31+G(2d,p)/SDD.

2.3.4. Natural Bond Orbital (NBO)
Kaupp et al. [122] proposed earlier that the metal ion-water bonds in the trimers

may possess some covalent character due to 6-bonding between the vacant d, orbitals of
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the metal ions and the oxygen atoms of water, resulting in O-M-O bending. In addition,
m-interactions arising from ligand bonding via the vacant dy, and dy, orbitals of the metal
ions may contribute to the D,y structures observed in small metal ion-water clusters
[122].

The present natural population analysis (NPA) does indicate that the alkali metal
cations receive negligible charge transfer from water and that the trivalent metal ions
exhibit a significant population of their valence s- and d-orbitals. As shown in Table
2.3.4.1., the vacant s-orbital populations are highest among light metal ions that received
the most charge transfer, namely AI’*, Be?* and Mg®*. On the other hand, the larger
trivalent ions, S¢** and Y**, have preferential occupation of their d-orbitals upon charge
transfer. The larger Group I and II metals, such as K™ and Ca®*, exhibit no population of
the d-orbitals, despite the fact that the bent symmetries are energetically more favorable
than the Dy4 symmetries. A similar behavior is observed for the Group I metal ion-water
clusters, namely in K'(H,0);, Rb'(H,0); and Cs'(H,0), [122]. Thus, the O-M-O
bending in some of the monovalent and divalent metal ion-water trimers does not appear
to be greatly correlated with covalent interactions.

Only in the case of AP*(H,O) and AI**(H,0), were metal ion-oxygen bond
orbitals actually found in the NBO analysis. These bond orbitals were made up mostly
from contributions of the oxygen atomic hybrids, making up 94.72% and 93.62% of the
bond orbitals in the dimer and trimers, respectively. Interestingly, the valence p-orbitals
of the AI** ion are significantly populated in the dimer and this occupation is increased in

the trimers. These results suggest that the metal ion-water bond interaction has partial
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covalent character, which correlates well with the cluster binding energies being the

largest among the set studied here.

Table 2.3.4.1. Results of Natural Population Analysis for M“J'(HZO),,.*"b

Metal s dyy dy: dy- d2, d2  Natural Bond Orders
Ionic Covalent
n=1
Lif 0.000 - - - - - 0.003 0.000
Na* 0.000 - - - - - 0.001 0.000
K" 0.000 - - - - - 0.000 0.000
Be?* 0.032 - - - - - 0.021 0.001
Mg 0.017 - - - - - 0.009 0.000
Ca®* 0.003 - - - - - 0.003 0.000
Sc** 0.008 0.000 0.042 0.003 0.000 0.070 - -
Y3 0.005 0.000 0.021 0.001 0.000 0.036 - -
n=2
Lit 0.000 - - - - - 0.007 0.000
Na' 0.000 - - - - - 0.003 0.000
K 0.000 - - - - - 0.001 0.000
Be?* 0.142 - - - - - 0.036 0.002
Mg* 0.051 - - - - - 0.013 0.000
Ca* 0.011 - - - - - 0.004 0.000
Sc** 0.029 0.077 0.024 0.011 0.038 0.026  0.051 0.002
Y3 0.019 0.044 0.019 0.010 0.013 0.014  0.029 0.000
s Px Dy p- Natural Bond Orders
=
AP 0.091 0.015 0.000 0.015 - - 0.059 0.005
n=2
AP 0.175 0.022 0.022 0.087 - - 0.076 0.004

® NAO metal valence populations and M%-O natural bond order contributions obtained from NRT, in
electrons.
® Results obtained for MP2 calculations.

Natural Resonance Theory (NRT) was used to determine the natural bond order of
ecach of the metal ion to oxygen interactions, specifically to assess the degree of
electrostatic (electrovalency) versus covalent character, in the ion-water bonds. The

results of this analysis are summarized in Table 2.3.4.1. In all cases, it can be seen that
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the metal ion-water bonds have a predominantly ionic bond order, with little or no
contribution from covalent interactions. For example, the NRT analysis shows that even
the Al-O bond order in A13+(H20)n, for which a bond orbital was detected in the NBO
analysis, is primarily electrostatic. The metal ions with large charge:size ratios also
appear to have both electrostatic and covalent character, but the latter is quite negligible
in most cases (< 0.001). The electrostatic character appears to increase in the trimers, as
the larger ion-water distances restrict the possibility of any orbital overlap.

2.3.5. Electron localisation function (ELF)

Presented in Fig. 2.3.5.1. are the ELF isosurfaces and contour plots for Na'(H,0),
Be?*(H,0), AI**(H20) and Sc**(H,0). Each of the 3-D surfaces represents an irreducible
representation of the ELF, whereas each contour plot is a slice along the plane
perpendicular to the H-O-H plane. Be®*(H,0) is the only species for which two bonding
basins are found between Be and O [V(Be,O)], in addition to two other basins
representing oxygen lone pairs [V(O)]. Basin analyses of Na‘(H,0), A**(H,0) and
Sc**(H,0) showed that the lone pairs originating from oxygen were bound to the metal
ion and thus were formally identified as V(M,0O) disynaptic basins, a feature that was
found for all complexes.

The contour plots of the ELF yield remarkable qualitative insight into how the
polarization of the water molecule occurs by the presence of the various metal ions. For
instance, the single bonding basin for Be*’(H,0) simply arises from the strong
polarization of the oxygen electron distribution by the Be*" ion. The contour plot

bisecting the plane of the lone pairs clearly demonstrates this phenomenon: the ELF
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V(O,H)

Figure 2.3.5.1. ELF isosurfaces and contour diagrams for Be” (H,0), AI"(H,0),
Sc**(H,0) and Na'(H,0) clusters. Each contour plot is the plane containing the V(M,0),
C(M) and C(O) basins. The ELF values for each plot are #(r) = 0.89, 0.85, 0.86 and 0.85

respectively. The ELF was determined using B3LYP wavefunctions.
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basins surrounding the oxygen atom are greatly distorted, whereas those of the Be®* ion
are unperturbed. Likewise, this feature is present, but to a lesser extent in the Al3+(H20),
Li*(H0) and Mg**(H,0) contour plots (not shown), but not in those for Na*(H,0) and in
the other complexes.

With respect to the structural and energetic features discussed earlier, the ELF
clearly highlights how small metal ions with high charge:size ratio cause H-O-H bond
angle breathing, whereas the larger ions cause H-O-H bond angle shrinking. For
Be?"(H,0), the ELF localized around the oxygen atom is greatly distorted towards the
metal ion, thus reducing the amount of lone-pair to H repulsions in water. This results in
the hydrogen atoms being able to move further apart from each other, thus resulting in the
observed H-O-H bond breathing upon complexation to the metal ion. In contrast, the
Sc**(H,0) ELF is not distorted around the oxygen. This is likely due to the very diffuse
C(Sc) core basin repelling the lone pairs of oxygen and hydrogen atoms, consequently
reducing the H-O-H bond angle. This large C(M) basin is also present in the ELF of
Y*(H,0) and Eu**(H,0), which all possess similar charge:size ratios and polarizabilities
to Sc*.

The results of the population analysis for each basin are listed in Table 2.3.5.2.
With the exception of Be?*(H,0), each V(M,0) bonding basin contains a population of
approximately 2.10 electrons. This is not unexpected, given that these basins represent
the lone pairs of oxygen. Furthermore, the average population variations of the V(M,0)
basins for all the clusters are of the order of 0.50, implying that 50% of the electrons
occupying these basins can be localized into other, neighbouring basins. Not

surprisingly, the population variations are highest for those clusters containing metal ions
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with high charge:size ratios, as these can be correlated to the amount of charge transfer
that was received by these ions, as shown in Table 2.3.3.1. In the unique case of
Be?*(H,0), the V(Be,0) basin populations are 0.90 e and may be reflective of the large
charge transfer received from water (see Table 2.3.1.3.). The neighbouring V(O) basins
have a population of 1.29 e, which make up the remainder of the 4 electrons of the lone
pairs of oxygen. It should be noted that the population variation is also quite high for the
V(Be,O) basin, indicating that electron delocalization is significant.

Despite the strong distortion of the ELF bonding basins for Al(H,0)*" and
Be(H,0)*", these basins do not overlap with the C(M) core , since the ELF reaches zero
in the region between these basins in the contour plots of Fig 2.3.5.1. The basin co-
variances associated with the V(M,0) bonding basins were also determined and are
presented in Table 2.3.5.3. In general, the V(M,O) bonding basins correlate moderately
well with both the other V(M,0) and V(O,H) basins (~35% and 27% respectively), but
do not with the C(O) core basins. In clusters containing metal ions with low to moderate
charge:size ratio, no significant cross contribution can be observed with the C(M) core
basin, but this contribution becomes more significant with an increase in the charge:size
ratio of the metal ion. Nevertheless, this increase is not significant enough to suggest any
dominant shared-shell character of the M-O bonds in these clusters.

The ELF associated with the trimer structures are also plotted in Fig. 2.3.5.2. in
order to understand the O-M-O bending motif observed in clusters containing large ions.
A greater distortion of the C(M) basin occurs in the cluster as the metal ion becomes
larger, as seen for AI**(H,0), and S¢**(H,0),in F ig. 2.3.5.2. No distortion of the C(Al)

basin is apparent in the contour plot of AI*(H,0),. Yet, for Sc>*(H,0)s, the C(Sc) basin
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V(O.H)

V(O,H)

V(ALO)
V(AlLO) C(Al)

V(AL,O)

Figure 2.3.5.2. ELF isosurfaces and contour diagrams for AI**(H,0), and Sc**(H;0),.
Each contour plot is a slice through the plane defined by the O-M-O bond angle. The
ELF values for each plot are n(r) = 0.86 and 0.83, respectively, and were determined

using B3LYP wavefunctions.
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Table 2.3.5.2. ELF basin covariances for V(M,0) in M¥(H,0).?

Basin® C(0),° cM)®  VOH), VMO0,

V(Li,0) 10.7 1.9 282 359
V(Na,0) 10.7 1.9 28.2 359
V(K,0) 10.6 1.9 27.9 356
V(Be,0) 74 5.3 16.0 -

V(Mg,0) 107 2.9 272 34.6
V(Ca,0) 10.7 3.9 27.2 35.0
V(ALO) 94 47 274 349
V(Sc,0) 9.7 9.7 26.2 32.0
V(Y,0) 9.6 7.7 27.0 327
V(Eu,0) 9.7 7.8 25.2 33.0

? All results obtained with ToPMoD package [162].
® Metal ion to oxygen bonding basins.

° Core basin of oxygen atom.

4 Core basin of metal ion.

¢ Bonding basin between oxygen and hydrogen.
fBonding basin between metal ion and oxygen.

€ Valence basin of oxygen.

appears to take on a wedge-like shape. This is due to the mutual distortion of the C(M)
basin by each water molecule, in keeping with the predominant role of the metal ion
subvalence shell in determining the O-M-O bending motif [122, 166, 167]. The greater
distortion at the polarized end of the metal ion results in weaker ion-water repulsions, and
thus closer and stronger associations result between the metal ions and water [122, 166,
167]. This was evidenced in the work of Glendening et al., where the bent conformers
have smaller metal ion-oxygen distances than the linear conformers [111]. Furthermore,
the O-M-O bending is more pronounced in clusters containing metal ions with the larger
charge:size ratios of this subset, since these ions have closer interactions with water and
result in greater distortions of the C(M) basins. Thus polarization is what ultimately
governs the extent of O-M-O bending in large ion-water clusters. This agrees well with

previous ELF studies of metal dioxides containing d° Group IV metals [168].
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From the geometrical arrangement of the water molecules, it could be inferred
that hydrogen bonding may contribute to the bending of the O-M-O bond in the trimers
of C; symmetry. This inter-ligand H-bonding has been observed in I'(CH3CN), clusters
[169], however, no basins arising from hydrogen bonds were found in the present
analysis. This is to be expected, since the large inter-ligand distances clearly do not
favour this type of interaction [the shortest O-O distance is 3.43 A in S¢**(H,0),].

2.3.6. Atoms in Molecules (AIM)

Figure 2.3.6.1. shows contour plots of both the electron density, p, and the
Laplacian, V2p, for Be**(H,0), A**(H,0) and Na'(H,0). Analysis of p for all dimers
generates a set of four (3,-3) critical points for each atom and three (3,-1) bond critical
points (BCP), one of which is a bond interaction line between the metal and the oxygen
atom of water. The most interesting qualitative features are found in the Laplacian, V7p,
that defines regions of high or low charge concentration. Careful observation of the
contour plot of V?p for Be**(H,0) reveals the absence of any charge localization in the
region between the water molecule and the Be*" ion, suggesting that there is little or no
sharing of electrons between both species. Another striking feature is the distortion of
Vp associated with the oxygen atom, which is reminiscent of the distortions of the
V(M,0) basins observed in the ELF contour plots due to the polarization of the water

molecule by the ion. This is also a feature of V?p for AI*"

(H20), but this is not apparent
for Na'(H,0). It should be noted that no other system aside from the Be?* and AI**
dimers exhibited this distortion, contrasting with the previous ELF results which

suggested that the Li" and Mg®* dimers should exhibit similar properties. This may be

due to the fact that the ELF was determined from B3LYP calculations wavefunctions,
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Table 2.3.6.1. Results of Atoms-in-Molecules (AIM) analysis for MY (H,0), clusters.?

n=2

BCP p° VS IMIAS Y G'  G/pt H"

Li-O  0.0330 0.264 0.166 -0.041 0.053 162 1.27x10~
Na-O  0.0220 0.148 0.147  -0.024 0.030 137 6.73x10°
K-O  0.0197 0.099 0.153  -0.017 0.021 1.07 3.68x10°

Be-O  0.1070  0.820 0215 -0219 0211 197 -7.30x107
Mg-O 0.0509 0414 0.149  -0.076 0.090 1.77  1.36x10?
Ca-O  0.0406 0.225 0.167 -0.046 0.051 126 5.12x10°

Al-O  0.0936 0687 0173 -0.178 0.175 1.87 -3.38x10”
Sc-O  0.0978 0.449 0229 -0.138 0.125 1.28 -1.31x107
Y-O  0.0729 0.351 0.193  -0.093 0.091 124 -2.68x10>
Eu-O' 0.0847 0.390 0200 -0.113 0.105 124 -7.59x107

n=3
BCP p° VS A v G G/pt H"

Li-O  0.0323 0.252 0.170  -0.039 0.051 1.58 1.21x10™
Na-O 0.0208 0.140 0.147  -0.022 0.029 139 6.53x10>
K-O  0.0187 0.094 0.152 -0.016 0.020 1.07 3.55x10°

Be-O 0.0988 0.764 0214 -0.192 0.191 1.93 -2.20x10”
Mg-O 0.0494 0400 0.152 -0.073 0.086 1.74 1.35x107
Ca-O  0.0360 0.197 0165 -0.039 0.044 123  5.04x10°

Al-O  0.0912 0.668 0.178 -0.171 0.169 1.85 -2.38x10
Sc-O  0.0804 0.393 0212 -0.107 0.103 128 -4.53x10°

Y-O 0.0660 0.328 0.186 -0.082 0.082 124 -1.73x10"
* AIM properties determined using the AIMPAC [158] and AIM2000 [159, 160] software packages based
on MP2 derived wavefunctions.
® Electronic density at the BCP in e/a,’.
¢ Value of the Laplacian at the BCP.
4 Ratio of the curvatures, A; and A, at the BCP.
¢ Virial field at the BCP.
fKinetic energy density at the BCP.
£ Kinetic energy per electron at the BCP.
" Energy density at the BCP.
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Be?*(H,0) AP'(H,0)

Na'(H,0)

Figure 2.3.6.1. AIM contour plots of the Laplacian for Be2+(H20), A13+(H20), and

Na'(H,0). All plots are based on MP2 wave functions.
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that predicted slightly stronger metal ion-water binding energies than did the MP2
calculations, thus enhancing this effect. AIM analyses based on the B3LYP
wavefunctions (not shown) suggest values of p slightly higher and values of VZp
marginally smaller at the M-O BCPs, in keeping with the greater metal ion-water binding
energies shown in Table 2.3.2.1.

The nature of a bond can be inferred from the analysis of the values of p, Vzp, the
eigenvalues of the Hessian (A, A, A3, also termed curvatures), the kinetic energy density,
G(r), the virial field, v(r) and the local energy density, H(r), at a BCP. Typically, a
‘shared-shell’ interaction between two atoms is characterized by large values of p,
negative values of V?p, a ratio greater than 1 for |A,|/A; and the predominance of the
kinetic energy density at the BCP with respect to the virial field [141, 170]. The features
of electrostatic bonds, hydrogen bonds, and van der Waals interactions are antipodal to
those of ‘shared-shell’ interactions and are termed ‘closed-shell’. These are typically
dominated by the virial field component, which is directly related to the potential energy
density at the BCP [141, 170].

The calculated values for each of these AIM properties at the M-O bond critical
points of each cluster are listed in Table 2.3.6.1. Trimers containing metal ions with high
charge:size ratios, such as Be**, AI** and Sc**, possess relatively higher p at the M-O
BCPs than the other ions, and thus, bind water with slightly more shared-shell character.
However, all the values of p are less than 1, implying that charge localization at the BCP
is low, as evidenced from the topology of V2p between the metal ions and the oxygen
atoms in each of the clusters. For ions with small charge:size ratio, the values of p at the

BCP are quite similar to those obtained for other (traditionally) ionic compounds such as
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NaF (0.0500 a.u.), NaCl (0.0310 a.u.) [170] and LiF (0.0760 a.u.) [141]. However, Be**,
AP’* and Sc**-O bonds have BCP densities that resemble those obtained for CI-CI
interactions (0.1270 a.u.) [170].

The values of V2p are positive for each of the metal ion-water bonds, implying a
predominant closed-shell character. However, no real trend can be discerned from these
results. Similarly, the |Ai|/A;, presents no real trend, however they are all below 1,
implying that there exists a predominance of closed-shell character to the metal ion to
oxygen interaction. However, this criterion provides an unreliable description of closed
or shared-shell character, particularly in the aforementioned case of the CI-Cl bond where
it has been reported that |A;|/A; also exhibits closed-shell character (0.460 a.u.) [170].

The values of the kinetic energy density per electron at the M-O BCP, G(r)/p, in
Table 2.3.6.1. appear to be quite similar to those reported for other closed-shell
compounds [170]. For example, the NaF G(r)/p has a value of 1.94 a.u., which is similar
to that for the largest value of G(r)/p in this work, 1.97 a.u. for the Be**-O bond. This
feature lends further support for strong, closed-shell interactions in the M-O bonds. The
local energy density, H, at the Be**, AI**, S¢®*, Y** and Eu**-O BCPs are all negative, in
sharp contrast with those for other metal ion-water dimers, where the values of H are
distinctly positive. However, the negative values are quite small, implying that the
shared-shell character of the Be?*, Al**, S¢**, Y*" and Eu**-O bonds may be minimal, and
only moderately significant.

M-O BCP properties were also evaluated for the trimer structures. No additional
BCPs were found that could be linked to some hydrogen bonding, once again ruling out

its role in the O-M-O bending, as discussed previously. As in the dimers, the plots in Fig.
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AP (H,0)

Sc* (H0),

Figure 2.3.6.2. AIM contour plots of the Laplacian for Al3+(H20)2 and Sc3+(H20)2. All

plots are based on MP2 wavefunctions.

51



2.3.6.2. for the trimers show no distortion of V2p in clusters containing large ions such as
K" and Sc**. From a qualitative standpoint, this feature does not agree with the
assessment that polarization of the metal subvalence shell dominates the O-M-O bond
angle bending as evidenced in the ELF analyses. However, the quantitative analysis does
reveal that the metal ion-oxygen bonds in these clusters have predominantly closed-shell
character. As can be seen in Table 2.3.6.1., the properties at the BCP in the dimer
structures are similar to those obtained in the trimers. In the trimers, the more positive
values of H for those M-O bonds that exhibited slight covalent character in the dimers are
a direct reflection of the weaker metal ion-water binding energies and the longer M-O
bonds found for these structures.
2.4. CONCLUSIONS

An extensive analysis of the bonding interactions in a wide range of different
metal ion-water clusters has been performed. The nature of the bonds between the metal
ions and water is clearly electrostatic. The main factor governing the structural and
energetic features of these clusters, particularly in clusters containing Group I and II
metal ions, are polarization effects. These effects are evidenced by the ELF analysis of
trimers, where distortion of the metal ion subvalence shell, due to both polarization of the
metal ion by water and the electronic repulsions between the C(M) and V(M,O) basins,
provide a more favourable bonding interaction with a second water molecule. This was
shown in the 3-D surfaces and contour plots of the ELF of Be?*(H,0), AI’*(H,0) and
Sc®*(H,0). Changes in the structural properties and in the net dipole moments of water

also agree with this assessment.
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The electrostatic character of the M-O bonds is demonstrated by the ELF and
AIM analyses. According to the ELF analysis, the formation of the metal ion-water bond
arises from interaction of the oxygen lone pairs with the metal ion. Furthermore, the ELF
yields a clear picture of polarization effects on the cluster structural properties, namely
the H-O-H and O-M-O bond angle motifs. The AIM analysis provides a complementary
representation of the charge distribution in the clusters. Not only is there distinct
localization of charge in both the light and heavy metal ion clusters, but the metal ion
also appears to distort the charge distribution of water, particularly in clusters containing
small metal ions with high charge:size ratios such as Be?* and AI*".

In the case of clusters containing trivalent metal ions or Be®*, the metal to oxygen
bonds have some slight covalent character, but not enough to influence the structure of
the cluster. The NBO analysis shows that only the A’*-O bond possesses any significant
covalent character. Quantitative features of the ELF for these clusters indicate that the
V(M,0) bonding basin delocalizes into both the C(M) and C(O) bonding basins, implying
that some sharing of electrons occurs between both atoms. This very slight covalent
character is also apparent from the AIM analysis, where negative values of the local
energy density are found at the M-O BCPs. However, charge localization is restricted to
either the ion or to the water molecule, showing once again that any covalent character is
modest at best.

The charge analyses showed that negative charge transfer from the solvent to the
ion increases with cluster size. It has been shown that this increase continues gradually
with increasing cluster size in several other ion-solvent clusters, such as in Eu’*(H,0)p,

but it was shown to taper off at n > 5 [118]. Most of the previous work on metal ion
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water clusters employed Mulliken charge analyses, and so a re-visitation of these charge
transfer trends using a combined charge, ELF and AIM analysis is certainly warranted. It
should be noted that ESP and Mulliken analyses did not yield the same quantitative
picture as AIM or NBO analyses. However, the deviations seen in the Mulliken analyses
were by far the most erroneous of the set of analyses used.
AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO THESIS

This work served primarily as a validation of the model chemistry to be used in
the parameterization of our model potentials. In addition, it was used to determine the
form of the model potential to be employed in our Monte Carlo simulations. Given that
polarization effects played a prominent role in influencing the structural, electronic and
energetic properties of ion-solvent clusters, it was quite clear that such interactions
needed to be considered in the functional form of the potentials.

The following chapter summarizes our initial foray into the development of model
potentials for lanthanide ion-water cluster simulations and overviews the key structural

and thermodynamic properties of these clusters with increasing cluster size.
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ABSTRACT

Although metal ion-water clusters M™ (H,0), 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 Ln® (H,0), clusters (Ln** = Nd**, Ev**, Er*" and Yb*") 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 stepwise
cluster binding enthalpies predicted by our simulations, which have yet to be determined
experimentally. Our results also indicate that Ln>" jons exhibit a well-defined interior
solvation shell structure. At small cluster sizes (n = 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 size n > 24. In contrast, convergence of the
thermodynamic properties towards bulk values only occurs at much larger cluster sizes, n
> 64.

Keywords: Cluster ions, Lanthanide; Model Potentials; Coordination Structure;

Thermodynamics; Monte Carlo Simulations

55



3.1. INTRODUCTION

The microsolvation of metal ions in the gas phase has been the focus of intensive
research over the last twenty years [123, 125, 128, 129]. Particular attention has been
paid to the energetic, structural and spectroscopic properties of ionic clusters containing
monovalent metal ions. However, despite advances in electrospray ionization/mass
spectrometry techniques that allow for the generation of multiply charged, solvated metal
ion clusters [12, 14, 18, 19, 21-24, 30, 31, 33, 37, 90, 108], they have not been studied
extensively, especially those clusters containing trivalent metal ions [14, 18, 21-24, 90].
Understanding the fundamental interactions involved in the formation of these clusters,
such as the metal-to-ligand bond, can yield insight into the properties of larger clusters or
even bulk solutions [98, 171]. One of the most pertinent solvents is obviously water,
which is ubiquitous in chemistry and biology.

In an effort to probe the interactions between trivalent metal ions and water, we
have opted to investigate Ln3+(H20)n clusters, paying particular attention to their
structural and thermodynamic properties. The lanthanides are particularly interesting due
to their rather unique binding properties, which contrast with their transition metal
counterparts [70]. Despite large, ion-ligand binding energies [106-108, 116, 172-174],
the lanthanide ions are believed to form predominantly ionic complexes with their
ligands. This is owed to the shielding of the 4f-orbitals by the outermost Sp and 5s
electrons, which prevents them from participating in metal to ligand covalent binding
[70]. In addition, these ions exhibit a flexible coordination chemistry, binding anywhere
from 6 to 10 ligands. Even though the preferential coordination numbers of lanthanide

ions in solution had been the subject of a heated debate in the past, it is now widely
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accepted that the coordination numbers are closer to nine for the lighter lanthanide ions
and eight for the heavier ions. This phenomenon is attributed to ‘lanthanide contraction’,
or the reduction in ionic size across the lanthanide series [58-62, 175, 176]. Because of
these features, lanthanide ions provide the foundation for many electro-luminescent
devices [70].

Despite sustained efforts, there has been little success in detecting trivalent
lanthanide-solvent in small clusters with protic solvents, in particular water [14, 22, 24,
33]. It has been revealed that the trivalent lanthanide metals are prone to dissociative
electron or proton transfer, resulting in the production of either M**X(HOR), or
M?**OR(HOR), species [22]. The reasons for this have yet to be elucidated given that the
third ionization potentials of some lanthanide metals, such as La and Ce, are lower than
the second ionization potential of Cu, which forms stable Cu®*(H,O), clusters [22].
Recently, work by Bush ef al. has shown that Ln**(H,0), clusters containing either Ce,
Eu or La, can in fact form stable clusters, but only at large cluster sizes, n > 15 [92].
Presumably, at this size, cluster deprotonation reactions are minimized. Prior to this,
only Shvartsburg had reported the successful retention of the 3+ state of lanthanide
metals in clusters containing a protic solvent, namely Ln**-diacetone alcohol clusters
[22]. However, this depended on maintaining a minimum cluster size, which ranged
from n = 5-8 along the series. On the other hand, it has been shown that the 3+ state can
be readily conserved in clusters containing aprotic solvents such as acetonitrile, acetone,
dimethyl formamide and DMSO [14, 18, 21, 23, 33, 90]. Similarly, Shvartsburg has
reported minimum cluster sizes of n = 1-3 in those containing acetonitrile [23] and n = 2-

5 in clusters containing DMSO [21]. More interesting, however, is the detection of stable
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Ho’"-acetonitrile clusters by Walker ef al. [33]. The most stable cluster size determined
in these experiments was n = 6.

In the past, a variety of electrostatic potential models have been proposed to
describe lanthanide ions in solution. Meier et al. proposed one of the earliest models
[172], which was able to reproduce the experimental coordination number of La’" in
water, as reported by Habenschuss and Spedding [58]. However, this study failed to
address other lanthanide ions and, thus, did not deal with the well known ‘lanthanide
shift’ in coordination number [61, 62]. Subsequent work by Helm and Merbach’s groups
[177-181], not only reproduced the observed trends in coordination across the series, but
also determined the solvent exchange rates and coordination equilibria for Nd3+, Sm’*
and Yb>" in solution [180, 181]. Furthermore, they were the first group to stress the
importance of polarization for these systems, and they accounted for it by scaling the
dipole moments of the solvent molecules in the first coordination shell. However, these
models predicted bulk hydration enthalpies in poor agreement with experimental values
[174, 176]. More recent potentials for Ln>* solutions proposed by Floris et al. [173] yield
structural results in good agreement with experiment, but fail to account for the
appropriate coordination numbers of the late ions of the lanthanide series, namely Yb*.
Finally, Derepas et al. [108] recently reported a model for La**(H,0), clusters up to size
n = 9. Their findings indicated the preferential formation of 7+1 and 7+2 coordination
structures as opposed to purely 8 or 9 coordinated species.

We have constructed a new, rigorous model potential, parameterized to reproduce
properties of small ion-water clusters derived from quantum chemistry calculations. This

is in contrast with the models presented earlier, which were geared towards bulk, aqueous
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solvation. We have made use of our model potential to carry out room-temperature
simulations of Ln3+(H20)n clusters, specifically those involving Nd? * Eu*, Er3+, and
Yb*, in order to evaluate the structural 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 relevance as it relates to luminescence activity [15]. The
outline of this article is as follows: we first discuss the results of quantum chemistry
calculations for small Ln*’(H,O) clusters. The latter serve as the basis for
parameterization of our model potentials, which are presented in the following section
along with the computational details of our simulations. The cluster structural features
and thermodynamics resulting from our simulations are then presented and discussed.
Concluding remarks follow immediately.
3.2. QUANTUM CHEMISTRY CALCULATIONS FOR SMALL Ln*'(H;0),
CLUSTERS
3.2.1. Computational Details

Small, ground-state Ln**(H,0), clusters were characterized by quantum chemistry
calculations using the Gaussian 98 program [148]. Minimum energy structures were
optimized without symmetry constraint using either the unrestricted Hartree-Fock (HF)
method [151], Becke’s three parameter Lee-Yang-Parr (B3LYP) hybrid density
functional theory [149, 150] and second-order Mgller-Plessett (MP2) perturbation theory
[151]. Energies were also calculated with the Quadratic Configuration Interaction
method [182] with single, double and linearized triple excitations [QCISD(T)] for MP2
optimized geometries. All minimum energy structures were characterized by a

vibrational frequency analysis and the energies were corrected for zero-point energy. The
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6-31G+(2d,p) basis set was employed for water [152], as this basis set generates a rather
accurate structure and a reasonable dipole moment for gas phase water at the MP2 level
of theory. Lanthanide ions were represented by Stuttgart-Dresden-Bonn (SDD) large-
core pseudopotentials and valence basis sets [153, 183], which allow for an extensive
description of the valence space and yields relatively accurate interaction energies [153,
183].
3.2.2. Ln’** (H>0) - Structural and Energetic Properties

Table 3.2.2.1. outlines the features of the minimum energy structures obtained
from our quantum chemistry calculations. All ion-water dimers possess C,y symmetry.
Most of the model chemistries yield similar ion-water distances and binding energies, all
of which agree well with those reported in the literature [106-108, 116, 172, 173].
Typically, the lanthanide ion will bind to oxygen at a distance of 2.30 A in the case of
Nd** and 2.15 A for Yb** 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 Nd>*-
water dimer to 106.2 kcal/mol for the Yb**-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 systematically overestimated by as much as 10 kcal/mol, compared to the more
rigorous MP2 or QCISD(T) values. This is consistent with our previous findings for

anionic clusters [169, 184].

60



Table 3.2.2.1. Structural, energetic and electronic properties of small Ln**(H,0)

clusters.?

Ion Property HF B3LYP MP2 QCISD(T) Model®

Nd** n0’ 2.32 2.29 2.30 2.30 2.36
D, 85.5 98.0 87.3 88.7 88.7

H,0° 3.27 6.03

Eu®" oo’ 227 2.24 226 2.26 2.34
D, 90.5 103.7 92.3 94.3 92.7

B0 3.37 6.17

Er” ino’ 2.19 2.15 2.17 2.17 2.27
D, 99.2 113.2 101.2 103.4 103.3

0" 3.43 6.54

Yb’" 0o’ 2.16 2.13 2.15 2.15 2.22
D, 102.4 116.7 104.7 106.2 106.4

U0 3.52 6.96

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

®Lanthanide to oxygen distance (A).

°Binding energy (kcal/mol) corrected for zero-point energy.

4 Dipole moment (Debye) of water based on calculated, electrostatic potential (ESP) charges [157].

¢ Prediction of model potentials.

Table 3.2.3.1. Changes in charge distributions and water structural properties in

Ln**(H,0) clusters.
Ton AqLa” Aqo® Agy® Ap® Aro.d’ Aluox’
N -0.15 -0.35 +0.25 1.16 0.03 -1.8
Eu®* -0.15 -0.39 +0.27 1.26 0.03 -1.7
B -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

Change in the atomic charge (¢) upon complexation, based on calculated ESP charges [157].

® Change in the water dipole moment (Debye) upon complexation, based on calculated ESP charges [157].
The sum of the water atomic charges is not exactly zero, and the origin was chosen as the midpoint
between the hydrogens in the calculation of the dipole moments.

° Change in water O-H distance (A) upon complexation.

¢ Change in water angle (degrees) upon complexation.
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3.2.3. Ln’* (H,0) - 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 in Table 3.2.3.1. 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 the lanthanide ion is of the order of 0.15¢ for all ions
studied. The electronic changes are accompanied by slight structural changes in the
water molecule: the O-H bonds are elongated by 0.03A and the water bond angle shrinks
by an average ~1.6°. These results are in agreement with the trends previously reported
by Hengrasmee ef al. [116]. 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 [109, 111]. These results
clearly demonstrate the need to incorporate polarization into any model that accurately
describes Ln**-water interactions.

3.2.4. Larger Ln’* (H,0), Clusters (n =6,8,9)

In addition to our benchmark with cluster dimers, we will compare the predictions
of our model against quantum chemistry calculations for a select number of larger
clusters. Based on the fact that B3LYP seemed to systematically overestimate binding
energies for the dimers by as much as 10% (cf. Table 3.2.2.1.), we opted to perform HF

calculations for the larger clusters. Even though HF lacks electron correlation, it yielded
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dimer structural and energetic properties comparable to those predicted by the high-level
QCISD(T) and, as such, HF calculations may provide respectable estimates of the
properties of large Ln**(H,0), clusters.

In previous work by Walker ez al. [33], Ho’"(H,0), were reportedly not found in
electrospray 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, Ho>(CH3CN)s and Ho’*(C3HeO)s appeared to be
preferentially formed. Accordingly, we have attempted to probe the characteristics of
hexa-coordinated Ln*" 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 [61]. An example of a minimized
structure can be seen in Fig. 3.2.4.1.a and properties of these clusters are collected in
Table 3.2.4.1.. Similar trends are observed as for the dimer. For instance, the bond
distances shorten from an average 2.50 A in Nd*'(H,0)s to 2.33 A in Yb*'(H,0)s.
Furthermore, the total cluster binding energies increase, from 371.0 kcal/mol to 431.2
kcal/mol for the same clusters.

We have also optimized the structures of Ln**(H,0)s and Ln>*(H,0)s, since these
clusters correspond to the preferential coordination numbers of lanthanide ions in
solution [58-62]. We assumed a square anti-prism (SQA) and a tri-capped trigonal prism
(TCTP) for the 8 and 9-coordinated clusters, respectively (see Figs. 3.2.4.1.b and

3.2.4.1.c), as they appear to be the preferred orientations of water in solution [58-62].
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Figure 3.2.4.1. Minimum energy Ers"“(HZO)n cluster structures for a) n =6, b) n = 8 and
¢) n = 9 obtained from quantum chemistry calculations with the HF/SDD/6-31+G(2d,p)

model chemistry. Distances are in A.
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Table 3.2.4.1. Structural, energetic and electronic properties of Ln*"(H,0), (n=6, 8 or 9).

Ion Property

6-coordinated

8-coordinated

9-coordinated

HFY  Model® HFY  Model® HF* Model®

N tino® 2.50 2.63 2.54 2.74 2.59/2.61 2.78/2.84
Ut 371.0 351.5 431.2 403.9 451.0 424.8

“HZOC 3.24 4.10 3.08 3.60 2.99/3.10 3.35/3.50

qnd’ +2.8 +3.0 +2.9 +3.0 +3.0 +3.0

Ev*  rino’ 245 2.63 2.53 2.72 2.55/2.58 2.75/2.82
U 3894 364.0 449.1 416.9 467.7 438.4

quoc 3.34 4.10 3.14 3.60 3.07/3.11 3.37/3.53

qeu’ +2.8 +3.0 +3.1 +3.0 +3.2 +3.0

Er** 100" 2.36 2.63 2.44 2.67 2.47/2.54 2.69/2.78
Ut 4194 392.2 477.4 4519 493.7 471.3

MHzoc 3.27 4.10 3.09 3.70 3.11/3.16 3.37/3.56

qer +2.8 +3.0 +2.9 +3.0 +2.8 +3.0

Y6 o’ 2.33 2.50 242 2.66 244/2.53 2.68/2.80
ub 431.2 406.0 487.5 4419 502.9 459.5

MHZOC 3.26 4.20 3.10 3.71 3.10/3.14 3.33/3.59

qvp’ +2.8 +3.0 +2.9 +3.0 +3.0 +3.0

* Lanthanide to oxygen distance (). For 9-coordinated species, the values listed correspond to the axial

and equatorial ligand properties, respectively.

® Binding energy (kcal/mol) corrected for zero-point energy.
° Dipole moment (Debye) of water and atomic charges of Ln>* (¢) based on calculated ESP charges [157].
For 9-coordinate species, the values listed correspond to the axial and equatorial ligand properties,

respectively.

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

text.

¢ Predictions of model potentials.
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The features of these clusters are also collected in Table 3.2.4.1. Our structural results
compare well with those of Cosentino et al., who reported the features of several global
minimum energy structures for Nd**(H,0)s, Yb**(H,0)s and Gd**(H,0)y clusters [106,
107]. In addition our energetic results are in the range of those reported by Hengrasmee
et al., though their calculations assumed a cubic structure for Ln>*(H,0)s as opposed to
the SQA structure [116]. HF calculations for the Ln**(H,O) 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
3.2.4.1. may also be underestimated by a similar 4%.
3.3. MODEL POTENTIAL AND SIMULATIONS/PROCEDURE
3.3.1. 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:

U = UCoqumb + U + U

Induction Repulsion-dispersion * ( 1 )

The Coulombic energy simply reflects the interactions between permanent charges:
UCoulomb = Z ql% ° (2)
LJ

where i and j represent different sites in the system separated by a distance 7, and the g’s
are the static point charges of the metal ion and the water atoms. The induction energy is

expressed as
Ulnduction == yz Z Eio _’i H (3 )

where Ej; is the electric field at site i arising from the permanent charges:
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3 (4)

B = q,°7

and the induced dipoles, 1 are evaluated as a linear response to the total electric field:

ﬁi=ai'Ei =ail:Eio+Zij 'ﬁj:l3 3)

oy
where ¢; is the polarizability of site i and 7}; is the dipole tensor [185]. The polarizable
sites in the induced dipole problem of Egs. (3) to (5) account for the mutual polarization
of the solvent molecules and the lanthanide ion. In cluster simulations, the low
dimensionality of the problem yields a straight-forward solution of the set of linear
equations in Eq. (5) in matrix form [186], which is obtained by LU decomposition and
back substitution [187] in this work. The repulsion-dispersion interactions are

represented by a generalized 12-8-6 Lennard-Jones potential:

12 -8 _6
URepulsion—-Dispersion = z [Aijrij + B if rij - C’Jr g ]9 (6)

L

where 4;;, B;; and Cj; are adjustable parameters.
3.3.2. Parameterization of the Model Potentials

The parameters for the polarizable model include the point charges (g;), the
polarizabilities (a;) and the repulsion-dispersion parameters (4;, By, C;). The lanthanide
jons are assigned a +3 charge and a polarizability of 2.8 A3, The latter is larger than the
experimental polarizability of La>* (1.6 A®) [135] and should be more representative of
that for the early ions in the lanthanide series. The point charges and polarizability of
water are those of our OPCS model [128, 129]. The parameters are listed in Table
3.3.2.1.. 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.
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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 (ron = 0.9572 A, Zuon
= 104.52° [188]) and reproduces the gas-phase water dipole moment [189]. The
repulsion-dispersion parameters for the solvent-solvent interactions were fit to reproduce
the water dimer geometry and binding energy [128]. 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 [187].

Table 3.3.2.1. Potential parameters.

Af B} C,
Nd**-0 0 92 665 7099
Euv’’-0 0 93199 7871
Ert-0 0 92488 9327
Yb**-0 0 77 694 6794
0-0° 1152921 0 1074
H-H 10°° 5.5°

o q
Nd** 2.8 3.00
Eu’’ 2.8 3.00
Er** 2.8 3.00
Yb** 2.8 3.00
o° 1.45 -0.569
H® - 0.569

FoM' Or0Mm°
Water 0.342 434

2 Repulsion- dlspersmn parameters: A; (kcal'mol A%, B, (kcal'mol A®), C; (kcal'mol A); ® From
references 1-2; ° Repulsion parameters between hydrogen atoms: the functlonal form of this interaction is a
Born-Mayer term, A4, Bir, w1th parameters A; (kcal/mol) and By (A1 [128]; ¢ Polarlzablhty A% ©
Permanent point charges (e) ; * Distance between oxygen and its charge sites (&) [128] ; © Angle defining
each oxygen charge site with respect to the molecular plane of water (°).
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Table 3.2.2.1. lists the structural, energetic and electronic properties of the ion-
water dimer minimum energy structure 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 0.08 A, 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 Ln**(H,0) 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 number of larger Ln**(H,0),
clusters (n = 6, 8, 9) are summarized in Table 3.2.4.1., where they are compared to the
results of quantum chemistry calculations. It can be seen that the water dipole moments
decrease significantly compared to their value in the cluster dimer, and in general
decrease with cluster size increase. This is due to the ion making multiple associations
with solvent molecules and an increased number of solvent-solvent repulsions, which

result in structures with the ion located at a larger distance from the water molecules. For
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instance, the average ion-oxygen distance is ~0.2 A longer for cluster size 6 when
compared to those for cluster size 1, and the larger distances between the ion and the
solvent molecules naturally lead to a decrease of mutual polarization. In addition, it can
be seen from Table 3.2.4.1. that the atomic charge of the lanthanide ion increases with
cluster size, regaining the full +3 charge by cluster size 9. This clearly indicates that
charge transfer is not an issue for larger clusters and that, even though polarization effects
may be overestimated for smaller clusters, they will be quantitatively described by our
model potential for medium-size to large clusters. Furthermore, this is consistent with
the experimental observations of Shvartsburg, where minimum clusters sizes of n = 5-8
were required to maintain the 3+ charge of the cations in clusters containing diacetone
alcohol [22]. However, it has been proposed that the stabilization of the 3+ state was
dependent on the bidendate nature of diacetone alcohol and on the ion-ligand distance,
which, in clusters containing diacetone alcohol, may be much longer than in water
(though this has not been confirmed). At n =6, 8 and 9, the water molecules are located
at much larger distances from the ion with respect to those seen in the dimer (~0.2 A
further). For this reason, the charge transfer mechanism becomes less probable and thus,
is minimized in our calculations of larger clusters.

Finally, inspection of Table 3.2.4.1. reveals that the model potentials seem to
properly account for many-body interactions, 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 quantum chemistry results

underestimated the binding energies predicted by high-level QCISD(T) calculations by
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4%, this suggests an error bar of ~10% for energetic properties predicted by our model
potentials for medium-size clusters.
3.3.3. Monte Carlo Simulations

Monte Carlo simulations were used to investigate the thermodynamic and
structural properties of Ln**(H,0), clusters at 300K. The detailed procedure has been
reported previously [125] and only the key features are summarized here. A random-walk
approach is used to generate new configurations, 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 0.15 A and the range of angular movements
was set to 15°. The resulting configurations were accepted or rejected according to the
Metropolis algorithm [190]. Because we are simulating 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 20 A from the ion for cluster sizes n < 64 and 35 A for
clusters sizes 64 < n <128 are considered evaporated from the cluster. Markov chains
containing configurations with evaporated solvent molecules were discarded from the
overall sampling so as to define a representative, equilibrium ensemble for a given cluster
size. A periodic heating and cooling of the system was used to avoid trapping in local
minima. In general, each run entailed at least 2x10° configurations for equilibration,
followed by an equal amount of steps for data collection. The acceptance ratios obtained
ranged between 35% and 45%.

Cluster enthalpies were calculated from the average energy <U> of the canonical

ensembles of configurations as
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AH, =AU + A(PV)=(U)+nRT , (8)

and the stepwise binding enthalpies, which represent the enthalpy gain associated with
the addition of one solvent molecule to the cluster, were calculated as

AH

nnt =AH, —AH, . )
The structural properties of the clusters were analyzed in terms of a distance-dependent
coordination number N,,.rq(7), and its derivative, P(r), which is the normalized radial
probability distribution function:

P(I‘) - choord(r%r = wn4ﬂr2g(r) . (10)
I 4’ g(r)dr

It should be noted that P(#) differs from the radial distribution function g(7) used in liquid
structure theory by a factor of 47#” and it is normalized to the number of solvent
molecules in the cluster.
3.4. RESULTS AND DISCUSSION
3.4.1. Structural Data

Fig. 3.4.1.1. shows some representative structures of Eu**(H,0), 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 ascertained from the probability distribution functions shown in
Fig. 3.4.1.2., 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 ion binding

energies discussed earlier for Ln**(H,0), of the order of 100 kcal/mol, compared to a
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Figure 3.4.1.1. Representative structures obtained for Euz"“(Hzo)n clusters from Monte

Carlo simulations with model potentials.
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Figure 3.4.1.2. Radial probability distribution functions and cumulative radial probability
distribution functions vs. Ln>*-O distance for Ln**(H,0);2 and Ln’*(H,0)es (Ln** = Nd**,
Eu’’, Er* and Yb®"). First-shell coordination numbers derived from the cumulative

functions are listed in Table 3.4.1.1. and average ion-oxygen distances in Table 3.4.1.2.
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water-water interaction energy of ~5 kcal/mol [128]. Evidence of a second, loose,
coordination shell can be seen for large clusters such as Ln* (H;0)¢4 from the second
peak at ~5 A. 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 Ln**(H,0)e4 are representative of
those observed for all clusters n > 24 for each ion studied. In the case of Eu3+, where the
average first-shell coordination number lies between 8 and 9, simulation results point to a
purely 8 or 9-coordinated first hydration shell structure. Furthermore, the fact that the
probability distribution function, P(r), goes to zero in between the two peaks representing
the first and second coordination shells indicates that solvent molecules are not found in
between the coordination shells, in agreement with the low residence times for water
previously reported by Kowall ef al. [180, 181].

The average first-shell coordination numbers of the lanthanide ions are listed in
Table 3.4.1.1. for a number of cluster sizes. When approaching cluster size 64, the
coordination numbers derived from our simulations agree well with those obtained from
X-ray and neutron diffraction experiments of LnCl; solutions [58-62], and changes in
coordination numbers along the series are consistent with solution experimental data.
The relatively slow convergence of the coordination numbers to the bulk values contrasts
with what was observed in our previous work on cesium and sodium-water clusters [125,
128, 129], 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 interaction energies. For

instance, the Na'(H,0) binding energy is ~24 kcal/mol, whereas that of Yb*>"(H,0) is
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~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.

Table 3.4.1.1. Average first-shell coordination numbers of Ln**(H,0),.

n 6 7 8 9 12 24 36 64 128 Exp®

N 60 66 65 65 64 80 80 82 86 8.9
E™ 60 70 70 69 70 80 80 82 84 8.3
E" 60 69 71 70 67 78 80 80 80 8.2

Yb** 6.0 6.3 7.3 6.6 7.1 7.9 7.9 7.9 8.4 7.9
*Bulk solution data [58-62].

The distances between the ions and the oxygen atoms of the water molecules in
the first coordination shell are listed in Table 3.4.1.2. for a number of cluster sizes.
Experimental, bulk values from diffraction studies of LnCl; salt solutions are also
provided in Table 3.4.1.2. for comparison [58-62]. The cluster ion-water distances, even
for very large clusters, are larger than those for bulk solutions by 0.25 A. These
deviations could be attributed to the absence of counter-ions in our clusters, which may
drive the solvent to coordinate more tightly to the cations due to repulsions. Compared to
the previous model of Floris et al. [173], our model reproduces the decrease of the
coordination number across the series, but apparently at the expense of the ion-water
distances. Both the models of Floris e al. [173] and Kowall er al. [180] failed to describe
the solvation of Yb*" in solution appropriately. The former failed to reproduce the
experimental coordination number and the latter, the ion-water distance in the bulk. Our
model not only manages to reproduce the appropriate coordination number of Yb**, but
the trend in the Yb**-O distance predicted for large clusters by our model also is

consistent with the experimental bulk values [58-62]. Our model is thus capable of
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consistently describing the qualitative differences in lanthanide coordination across the

series.

Table 3.4.1.2. Average ion-water distance (A) in the first coordination shell of

Lo* (Hy0),.?
n 24 36 64 128 Exp”
Nd** 2.74 2.73 2.75 2.77 2.51
Eu** 2.72 2.71 2.71 2.74 2.45
Er’* 2.65 2.66 2.66 2.65 2.37
Yb** 2.64 2.64 2.63 2.67 2.32

® Average lanthanide to oxygen distance from Monte Carlo simulations. The cut-off radius for the first
coordination shell was determined from the probability distribution functions.
® Bulk solution data [58-62].

Solvation in smaller clusters differs somewhat from that for larger clusters.
Inspection of Table 3.4.1.1. indicates 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, +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 clusters in the range
of n = 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 coordination numbers towards bulk
values. Similar behavior has been reported by Derepas e al. [108] for small La** (H,0),
clusters.

3.4.2. Thermodynamic Data

Cluster enthalpies for Ln**(H,0), clusters are shown as a function of clusters size

in Fig. 3.4.2.1. We note that since our model potentials are likely to underestimate the

cluster binding energies by ~10% for medium-sized clusters (cf. Sec. 4.3.2), the total
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cluster enthalpies are likely to be underestimated by a similar 10%. Stepwise binding
enthalpies for cluster sizes n = 1-9 are shown in Fig. 3.4.2.1.a, where a gradual decrease
of the stepwise binding enthalpy can be observed upon addition of each solvent molecule.
A remarkable feature of the stepwise binding enthalpies is the more pronounced decrease
occurring between AHsg and AHg7, which coincides with the completion of the first
hydration shell in small clusters as shown in Fig. 3.4.1.2. (top panels) and discussed
earlier. Since the solvation of Ln** ions in both water and acetonitrile in the bulk follow
similar trends [57], a similar behavior may be expected for small clusters, and these
findings are consistent with the experimental observations of only Ho>*(C3HeO)s and
Ho**(CH3CN); clusters [33].

Total cluster enthalpies and reduced cluster enthalpies are shown in Fig. 3.4.2.1.b
and 4c, respectively, as a function of cluster size. The thermodynamic properties follow
the energetic trends observed earlier, with the lighter lanthanide ions having smaller
cluster enthalpies than the heavier ions. For example, the Nd**(H20)125 cluster has a total
enthalpy of ~1492 kcal/mol, whereas the Yb3+(H20)128 cluster has a total enthalpy of
~1556 kcal/mol. At a cluster size n > 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 primarily from additional HO-H,O interactions. This is reflected in the
plateau observed in the reduced cluster enthalpy shown in Fig. 3.4.2.1.c. The latter
converges to the heat of vaporization of water, whose experimental value is around 9.7
kcal/mol [191], 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
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Figure 3.4.2.1. a) Stepwise binding enthalpy vs. cluster size for Ln**(H,0), clusters (n =
1-9); b) reduced cluster enthalpy vs. cluster size for Ln®" (H2O)a clusters (n = 1-128).
The experimental heat of vaporization of bulk water, shown as a dashed line, has a value
of -9.7 keal/mol; c) total cluster enthalpy vs. cluster size for Ln**(H,0), clusters (n = 1-

128). All enthalpies are in kcal/mol.
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regime [125]. The reduced cluster enthalpies for Ln**(H,0), are ~17.0 kcal/mol for n =
64 and ~13.0 kcal/mol for n = 128. Interestingly, the convergence 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 containing trivalent lanthanides.
For instance, the Na'(H20)36 reduced cluster enthalpy lies only within ~2 kcal/mol of the
heat of vaporization of water [125]. This is once again a reflection of the long-range
influence of the trivalent lanthanide ion interaction with the surrounding solvent
molecules beyond the first coordination shell.

3.5. CONCLUSIONS

In this work, we have investigated the structural and thermodynamic properties of
Ln**(H,0), clusters by means of room-temperature Monte Carlo simulations. These
calculations made use of a rigorous model potential containing an explicit polarization
term that was fitted to quantum chemistry predictions of the energetic, structural and
electronic properties of small Ln*"-water clusters.

An interior solvation shell structure is observed for all Ln**(H,O), clusters, and
peaks in the probability distribution functions indicate a well-defined solvation shell
structure. For all clusters, the following trends are observed in going across the
lanthanide series: ion-water binding energies increase, while ion-water distances
decrease. Smaller clusters (n = 8-12) tend to adopt 6 or 7-coordinated structures due to
the absence of a solvent network, which influences the coordination number via induction
effects. At large cluster sizes, the lighter lanthanide ions (e.g. Nd**) show a preference

for forming 9-coordinated structures with their ligands, whereas the heavier lanthanides
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(e.g. Yb) yield 8-coordinated structures, in agreement with what is observed
experimentally for bulk solution [58-62].

Since there has been little experimental work on multiply charged ion aqueous
clusters, we have calculated thermodynamic quantities related to the binding of water
molecules to Ln** jons to guide possible, future experiments. The predicted stepwise
binding enthalpies are quite large, even for small cluster sizes. A more pronounced
decrease of the stepwise binding enthalpies occurs between n = 6 and 7, reflecting the
completion of the first coordination shell in small clusters and indicating the higher
stability of hexa- and hepta-coordinated clusters, a feature consistent with experimental
observations with other solvents [33]. The total cluster enthalpies 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 interactions 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 vaporization of liquid water
but the rate of convergence for Ln3+(H20)n is much slower than what was observed for
monovalent ion aqueous clusters [123, 125, 128, 129], a feature consistent with the
strong, long-range interaction of Ln>* ions with solvent molecules.

Previous simulations of monovalent metal ion aqueous clusters, following the
same procedure and employing similar model potentials as in this work, yielded stepwise
binding energies in excellent agreement with available experimental data [123, 125, 128,
129]. This gives confidence in the predicted thermodynamic quantities reported in this
work, which in turn could serve as benchmarks for future mass spectrometry

experiments. This work is being extended to explore the solvation of Ln>* metal ions
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with other solvents, such as acetonitrile, for which a stable hexa-coordinated cluster has
been reported [33]. The model potentials are also being refined to account for charge
transfer between ions and solvent molecules via the incorporation of fluctuating charges
[192], and by improving the treatment of polarization.
3.7. AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO THESIS

This paper is core to one of the central themes of this thesis: how does one
progress from the cluster phase to the bulk? Unlike the case of Na'(H,0), clusters, the
convergence of the structural and thermodynamic properties of the Ln**(H,0), cluster
system requires a far greater number of solvent molecules (n ~ 128 molecules in contrast
to 6.) This clearly indicates that the properties of the ion have a substantial effect on the
size limits at which bulk-like properties can be produced in a cluster. This paper also
illustrates another aspect of ion dependency, namely that the lighter lanthanide ions will
converge towards a 9-coordinate first solvation shell structure, whereas those of the
heavier lanthanides converge to an 8-coordinate structure. This is remarkable given the
fact that the lanthanide ions studied in this paper have very similar properties. However,
the key difference between them is their ability to polarize water. The heavier
lanthanides do so more efficiently by virtue of their smaller charge:size ratios, resulting
in shorter ion-water bonds. This creates greater solvent-solvent repulsions, which
ultimately govern the solvation properties.

In the following paper, we will complete this study with regards to the remaining

ions.
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ABSTRACT

Model potentials have been developed for simulating the structural and
thermodynamic properties of lanthanide ions (Ln>") in aqueous environments. The model
potentials were parameterized based on the properties of small Ln**(H,0) complexes that
were obtained from high-level quantum chemistry calculations. The results obtained
from Monte Carlo simulations with these potentials clearly show that the lanthanide ions
adopt a well-defined interior solvation shell structure, with first-shell coordination
numbers that depend on clusters up to size 36, where they begin to reach bulk-limit
values. Total cluster enthalpies also approach the experimental bulk heats of hydration
around cluster size 36, but reduced cluster enthalpies only slowly converge to the
experimental heat of vaporization of water, a feature consistent with the significant long-
range interactions between the trivalent lanthanide ions and the surrounding water
molecules. This work suggests that Ln**(H,0), complexes may serve as an adequate
model for investigating the microsolvation of Ln*" ions in hydrated environments.
Keywords: Cluster ions; Lanthanide; Model Potentials; Coordination Structure;

Thermodynamics; Monte Carlo Simulations
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4.1. INTRODUCTION

Although it has been the subject of extensive research over the last two decades,
the production of stable, multiply-charged, solvated metal ion clusters still poses many
experimental challenges [12-14, 18, 21-24, 28, 29, 33, 34, 37, 90]. For instance,
numerous difficulties are reportedly associated with forming trivalent lanthanide metal
ion-solvent clusters using various laser vaporization or electrospray/mass spectrometry
techniques [18, 21-24, 33, 90]. A limited number of studies have been devoted to the
hydration of lanthanide ions in clusters since these are prone to dissociative electron or
proton transfer processes that hinder the metal ion’s ability to maintain its overall 3+
charge at small cluster sizes [33, 92]. This remains an intriguing problem, given that the
third ionization potentials of La and Ce, are lower than the second ionization potential of
Cu, which is known to form stable, divalent metal ion-water clusters, Cuz"L(HzO)n [18, 21-
24, 37]. In contrast, it was shown that the 3+ state of lanthanide metal ions can be
preserved in clusters of aprotic solvents, such as acetonitrile, acetone, dimethyl
formamide and DMSO [14, 18, 21, 23, 24, 33, 90]. Interestingly, Walker et al. were able
to detect stable Ho**(CH3CN)s and Ho>*(C3HgO)s clusters, suggesting a preferred cluster
size for microsolvated lanthanide ions that presumably corresponds to the completion of a
first coordination shell [33]. However, this has recently been refuted based on recent
work by Shvartsburg [23].

The properties of the lanthanides are rather unique compared to those of other
metals, in particular transition metals. First, they form predominantly electrostatic bonds
with their ligands, in sharp contrast to several non-d° block transition metals [52, 70, 193,

194], as a result of shielding by the more diffuse p- and s-orbitals which impede ligands
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from interacting with the valence 4f-orbitals. The lanthanide ions are used ubiquitously
for probing the structure of solid-state materials and proteins because of their flexible
coordination chemistry. They bind as many as 6 to 10 ligands, but it is widely accepted
that their first-shell coordination numbers are closer to 9 for the lighter lanthanide ions
and 8 for the heavier ions in water [56, 58-62, 175, 179, 195-197]. This trend in the
lanthanide ion first-shell coordination numbers follows an ‘S-shaped’ dependence, with
the average coordination numbers of the mid-series lanthanides is intermediate between 8
and 9 ligands. This phenomenon is a direct consequence of the gradual reduction of the
lanthanide ion size across the series.

Several model potentials have been previously developed with the purpose of
simulating lanthanide ions in solution. The model of Meier et al. is capable of
reproducing the experimental coordination number of La®" in water at different salt
concentrations, but no analogous model potentials were developed for the remaining
lanthanide ions [172]. Helm et al. developed polarizable model potentials for the purpose
of determining solvent exchange rates and the average first-shell coordination numbers in
LnCl; solutions, but these models fell short of accurately predicting bulk, experimental
hydration enthalpies [177, 178, 180, 181, 198]. Chaussedent and Monteil developed
model potentials to investigate the hydration of Eu®" and the influence of the resulting
coordination sphere on the ion’s electronic spectra, but again this work did not extend
beyond Eu®* [199, 200]. van Veggel and Reinhoudt also proposed model potentials that
accurately predict the free energy of hydration of Ln®" in salt solutions, but both the first-
shell coordination numbers and the Ln**-O distances were consistently overestimated

with respect to experimental values [201]. Floris et al. developed ‘ab initio effective pair
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potentials’ based on quantum chemistry calculations of small Ln**(H,0), clusters
embedded in a polarizable continuum model, but these models failed to account for the
first-shell coordination numbers of the late lanthanide ions, namely Yb°* [173]. Finally,
Derepas et al. developed a model for La**(H,0), cluster simulations, which revealed the
preferential formation of 7+1 and 7+2 coordination structures, as opposed to purely 8 or 9
coordinated species, for cluster sizes n = 1-9, but again, other lanthanide ions were not
considered [108].

Our goal is to develop model potentials for simulating lanthanide ions in aqueous
environments across the lanthanide series. We recently simulated via Monte Carlo
simulations the structural and thermodynamic properties of trivalent lanthanide ion-water
clusters, Ln**(H,0),, using newly-derived polarizable model potentials parameterized’to
high-level quantum chemistry calculations for small clusters [118]. In this work, we
extend our investigation to the remaining lanthanide ions. The model potentials were
developed using the methodology described earlier [118] and are employed in room-
temperature Monte Carlo simulations to evaluate the structural and thermodynamic
features of large clusters (n = 1-128). The outline of this article is as follows. In section
4.2, we will briefly discuss the features of our model potentials, the results of the
quantum chemistry calculations used to parameterize these models and the details of our
Monte Carlo simulation procedure. We will then present the results of these simulations
focusing on the structural and thermodynamic properties of the clusters in section 4.3. A

summary and concluding remarks follow in Section 4.4.
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4.2. COMPUTATIONAL PROCEDURE
4.2.1. Model Potentials

The model potential [118, 129] used to describe lanthanide ion-water and water-
water interactions is a sum of Coulombic, polarization and repulsion-dispersion terms:

U= UCoulomb +U

Polarization

+U

Repulsion—dispersion *

4.2.1.1.

The Coulombic energy simply reflects the interactions between permanent point charges:

UCoulomb = ZM ’ 4 212

iy Vi
where i and j represent different interaction sites separated by a distance 7, and the g’s

are site permanent point charges. The polarization energy is expressed as
UPoIarizatian = _%ZEIU _.i s 4. 2.1.3.

where E; is the electric field at site i arising from the surrounding set of permanent

charges:

- 4.2.14.

S

- q,-r
o _ it
B =3 ——
7 -7

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

g =a,-E, =a{E;’+ZT,.j .ﬁj}, 4.2.15.
i#j
where ¢; is the polarizability of site i and 7} is the dipole tensor [185]. The set of linear

equations in Eq. 4.2.1.5. is simply solved in matrix form using LU decomposition and
back substitution [186, 187]. Finally, the repulsion-dispersion interactions are

represented by a generalized 12-8-6 Lennard-Jones potential:
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i
where A4, By and C; are adjustable parameters. This model potential accounts for the
mutual polarization of the solvent molecules and the lanthanide ion.

The point charges and molecular polarizability of water are those of the optimized
potential for cluster simulations (OPCS) water model [129]. In short, the OPCS water
model employs the gas-phase geometry of water (toy = 0.9572 A, ZLuon = 104.52°) [188],
and includes a set 2 positive charge and repulsion sites on the hydrogen atoms, 2 negative
charge sites near the oxygen atom, and an induced dipole and repulsion-dispersion site on
the oxygen atom. The water repulsion-dispersion parameters were fit to reproduce the
water dimer geometry and binding energy [129]. The remaining parameters for the ion-
water interactions were derived by fitting to properties of Ln**-H,O complexes from
quantum chemistry calculations, which are the object of the next section.

4.2.2. Quantum Chemistry Calculations of Ln3+-complexes

Ground-state Ln**-H,0 complexes were characterized with quantum chemistry
calculations using the Gaussian 98 program [148]. Minimum energy structures were
optimized without symmetry constraints using second-order Mpgller-Plessett (MP2)
perturbation theory [151]. The 6-31G+(2d,p) basis set [152] was employed for water
while Stuttgart-Dresden-Bonn (SDD) large-core pseudopotentials and valence basis sets
were used for lanthanide ions [153, 183, 202]. Binding energies were also calculated
with the Quadratic Configuration Interaction method using single, double and linearized
triple excitations [QCISD(T)] for MP2 optimized geometries [182]. All minimum energy
structures were characterized by a vibrational frequency analysis and binding energies

were corrected for zero-point energy and basis-set superposition error (BSSE) via the
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Counterpoise method [155]. Atomic charges were evaluated with the electrostatic
potential (ESP) method and served as the basis for calculating solvent dipole moments in
clusters [157].

Listed in Table 4.2.2.1. are the structural and energetic features of the minimum
energy structures obtained from our quantum chemistry calculations of Ln**-H,O
complexes [203]. The present lanthanide ion-water distances and binding energies are
within 0.01 A and 3 kcal/mol, respectively, of results previously reported in the literature
[106, 107, 116, 172, 173]. According to the MP2 calculations, the largest ion-oxygen
distance is obtained for La**-H,O (2.37 A), while the shortest one is obtained for Lu>*-
H,0 (2.14 A). This is not surprising since the ionic size decreases across the lanthanide
series, resulting in smaller ion-oxygen distances in clusters. For similar reasons, the
binary complex binding energy increases across the lanthanide series, as an increased
charge:size ratio results in larger ligand polarization effects [136]. The binding energies
range from 80.8 kcal/mol for La**-H,O to 105.6 kcal/mol for Lu**-H,0. These binding
energies are comparable to those predicted for [Mg(H,0)]*" and [Y(H.0)]*" clusters,
which involve metal ions with similar charge:size ratios to the trivalent lanthanide ions
[111, 117, 122]. The increase of polarization effects across the lanthanide series is
obvious from the dipole moments of water in the Ln>*-complexes listed in Table 4.2.2.1.,
which increase with charge:size ratio from La** to Lu®>*. The dipole moments induced by
the ions on the water molecules are significant (~1.0-1.4 D), in keeping with the
generally accepted idea that polarization accounts for nearly one third of the Ln**-H,0
binding energy [116]. The induced dipole moments are also substantially larger than

those reported for complexes of water with other metal ions [109-111, 117]. These
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results clearly indicate that polarization must be accounted for in any model potential
whose goal is to accurately describe Ln**-water interactions.
4.2.3. Parameterization of the Model Potentials

The parameters employed in the model potential are the point charges (g;), the
polarizabilities (¢;) and the repulsion-dispersion parameters (4; By Cy). These are
available in Table 4.2.3.1. The lanthanide ions are characterized by a +3 charge and a
polarizability of 2.8 A3, which lies around the upper limit of the reported polarizabilities
of the Ln** ions [135, 204]. We assume this universal polarizability as this property only
varies appreciably across the lanthanide series [La>* (2.2 A%), Ce** (2.4 A®) and Yb** (1.6
A®][135,204]. The repulsion-dispersion sites for the ion-solvent interactions were fit to
reproduce the binary complex equilibrium ion-water distance, its binding energy and the
dipole moment of the complexed water molecules reported in Table 4.2.2.1. This fitting
was performed using a non-linear least-squares algorithm based on the Marquardt-
Levenberg method [187].

Table 4.2.2.1. lists the energetic and structural properties of the Lo’"-H,0
complexes predicted by the model potentials along with the quantum chemistry data.
Binding energies of the complexes are well reproduced by the model potentials, with
essentially no deviation from the QCISD(T) values except for the Lu**-H,O complex, for
which the model potentials predict a binding energy 2.6 kcal/mol lower than the
QCISD(T) value, but still within the range of the accepted accuracy of quantum
chemistry. The lanthanide ion-water distances predicted by the model potentials for
Ln**-H,0 complexes differ from the MP2 values by, at most, 0.15 A, which represents a

maximum 6% error. The water dipole moments predicted by the model potentials
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Table 4.2.3.1. Model potential parameters.

A B’ Ci?
La**-0 0 133097 12243
ce*t-0 0 130537 12363
Pr**-0 0 129083 12557
Nd**-0 0 113405 13878
Sm**-0 0 112015 10772
Eu’*-0 0 110247 10561
Gd**-0 0 113194 11667
Ho**-0 0 110205 11418
Tb**-0 0 108 035 11597
Er*-0 0 115907 13380
Yb**-0 0 101958 11310
Lu**-0 0 106261 11919
0-0° 1152921 0 1074
H-H">® 10° 5.5 -
al q

Ln”" 2.8 3.00

o 1.45 -0.569

H° - 0.569

ToM B0

Water 0.342 43.4

* Repulsion-dispersion parameters: A;; (kcal'mol™ A™'%), By; (kcal'mol A™®), C;; (kcal-mol™ A%).

® From references [128, 129].

¢ Repulsion parameters between hydrogen atoms: the functional form of this interaction is a Born-Mayer
term, Ay, with parameters A;; (kcal/mol) and B;; (A™)[128].

4 Polarizability (A%).

¢ Permanent point charges in units of e.

f Distance between oxygen and its charge sites (A).

£ Angle defining the position of each oxygen charge site with respect to the molecular plane of water along
the water bisector (°).
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significantly overestimate the quantum chemistry estimates [205]. These deviations may
be due to an overestimation of the solvent polarization energy arising from the neglect of
solvent to metal ion charge transfer in the model potential, which in fact reduces the ion-
charge by 10% according to quantum chemistry calculations [109, 117]. In any case,
predictions of the model potential for the water dipole moment do not appear to be an
issue for larger clusters, as was shown in our previous work [118].

Note that the minimum binding energies predicted by this current set of model
potentials are a slight improvement over those predicted by the model potentials we
designed previously for Nd**, Eu**, Er’* and Yb®* ion-water clusters [118]. As was
previously reported, the minimum binding energy of Eu**(H,O)s clusters predicted by
reference Hartree-Fock (HF) calculations is approximately -449.1 kcal/mol, whereas the
model potential used here predicts a binding energy of approximately -433.4 kcal/mol
[118]. Factoring in the inaccuracy of the HF results versus what is obtained using
QCISD(T) methods at smaller cluster sizes, we estimate that the cluster energies
predicted by our model potentials are to within ~7% of those determined from quantum
chemistry calculations, whereas our old model potentials predicted energies to within
only 10%.

4.2.4. Monte Carlo Simulations

Monte Carlo simulations are used to investigate the thermodynamic and structural
properties of Ln**(H20), clusters (n = 1-128) at 300K. A random-walk approach is used
to generate trial configurations, which involves the random translation of a water
molecule in Cartesian space and rotations about its Euler angles. The Metropolis

algorithm was used to accept or reject the new configuration [190]. No periodic
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boundary conditions are imposed over the course of cluster simulations, but solvent
evaporation is closely monitored. Solvent molecules found from 20 (n < 64) and 40 A (n
= 128) away from the ion were considered as evaporated from the cluster and any
configuration containing evaporated solvent was excluded from the Markov chain used
for further analysis. Periodic heating (up to 600K) and cooling steps were also
implemented during the simulations so as to sample the configuration space as uniformly
as possible. In general, each run entailed at least 1x10’ configurations for equilibration,
followed by an equal number of steps for data collection. The maximum allowed
displacements were set to 0.15 A for translation and 15° for rotation in order to ensure
acceptance ratios between 30% and 40%.

Cluster enthalpies were calculated from the average energy <U> obtained from

the canonical ensembles of configurations as:
AH, =AU +A(PV)=(U)+nRT, 4.10.3.1.

Finally, the structural properties of the clusters were analyzed in terms of the radial
probability distribution, P(r), which is simply evaluated from the configurations as the
probability of finding a water molecule (oxygen atom) at a distance » from the ion. The

latter is normalized so that its integration yields a distance-dependent coordination

number, Noora(?) = J'P(r')dr' , which converges to the number, n, of solvent molecules in

o

the cluster.
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4.3. RESULTS AND DISCUSSION
4.3.1. Structural Data

Representative cluster structures obtained from room temperature Monte Carlo
simulations are shown in Fig. 4.3.1.1. Lanthanide ions are clearly located near the center
of the cluster and adopt an interior solvation shell structure, due to the strong lanthanide
ion-water interactions that compensate for the disruption of the stable, hydrogen-bonded
water network. The coordination shell structure is evidenced by sharp peaks located at
~2.6-2.7 A in the probability distribution functions plotted in Fig. 4.3.1.2. (n = 64), which
characterize the ion’s first coordination shell. The probability distribution functions go to
zero at approximately 3.0 A, and the location of this minimum in P(#) is consistent with
that observed in g(#) obtained experimentally for bulk solutions and in other simulations
[58-60, 172, 173, 177, 178, 180, 197, 199, 200]. The peak located at ~5 A is
representative of a second coordination shell. The relative ordering of the water
molecules beyond the first coordination shell reflects the long range nature of the ion-
water interactions and the strong influence of the ion on the structure of the surrounding
solvent. This feature contrasts, for instance, the arrangement of solvent molecules in
Na'(H,0), clusters, where there is no ordering evident in the second coordination shell
[125].

The average first-shell coordination (Ln**-O) distances are listed in Table 4.3.1.1.
as a function of cluster size. The first-shell ion-oxygen coordination distances increase
slightly with cluster size, a feature that reflects both the increasing importance of solvent-
solvent repulsions between the water molecules in the first coordination shell and the

mutual attraction between first and second coordination shell water molecules. The latter
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Figure 4.3.1.1. Representative La**(H,0), cluster structures obtained from room

temperature Monte Carlo simulations using model potentials.
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are quite favorable, given the large dipole moments induced on solvent molecules in the
first coordination shell. The predicted cluster ion-oxygen distances overestimate bulk
values by a consistent margin of ~0.30 A, a feature that might be associated with the lack
of counter-ions in this study, with the varying conditions under which the X-ray/neutron
diffraction data were obtained, and with the parameterization of the model potential as

discussed in Sect. 4.2. [56, 58-62, 175, 179, 196, 197].

Table 4.3.1.1. Average ion-water distance (A) in the first coordination shell of

Ln**(H,0),%

n 24 36 64 128 Exp°
La’ 2.80 2.86 2.83 2.83 2.58
ce** 2.78 2.82 2.80 2.81 2.52
pr 2.79 2.77 2.77 2.80 2.54
N 2.76 2.76 2.77 2.78 2.51
Sm>* 2.73 2.75 2.74 2.74 247
Eu** 2.73 2.74 2.76 - 2.45
Gd** 2.71 2.71 2.73 2.72 2.37
Tb>* 2.71 2.69 2.68 2.69 2.41
Ho>* 2.68 2.67 2.67 2.70 -
Er* 2.67 2.68 2.71 2.69 2.37
Yb** 2.65 2.65 2.65 2.68 2.32
Lu** 2.64 2.65 2.65 2.68 2.34

2 Average lanthanide ion-to-oxygen distance from Monte Carlo simulations (A). The cut-off radius for the
first coordination shell was determined from the probability distribution functions.
® Bulk solution data from ref. [56, 58-62, 175, 196, 197].

The simulated average first-shell coordination numbers are listed in Table 4.3.1.2.
as a function of increasing cluster size. The first-shell coordination numbers are cluster-
size dependent, as their values only converge towards those obtained in bulk solutions at

very large cluster sizes, n > 36 [56, 58-62, 175, 179, 195-197]. This feature reflects the
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fact that an extensive solvent network is required in order to reproduce bulk features.
This sharply contrasts with what has been reported for other ion-solvent clusters, where it
was shown that as few as 10 solvent molecules are necessary to obtain bulk-like
hydration [40]. For example, bulk-like coordination numbers were obtained at much
smaller cluster sizes, n < 12, in simulations of NaJr(HZO)n and Cs+(H20)n clusters,
presumably due to the relatively smaller ion-water binding energies and the longer ion-
water distances which cause a reduction of solvent-solvent repulsions within the first

coordination shell [125, 128, 129].

Table 4.3.1.2. Average first-shell coordination numbers of Ln**(H,0),.

n 24 36 64 128 Exp®
La** 8.1 8.6 8.9 9.0 9.1
ce* 8.0 8.9 8.6 9.0 9.3
pr* 8.4 8.3 8.4 9.0 9.2
Nd** 7.9 8.2 8.7 8.9 8.9
Sm** 8.0 8.4 8.3 8.9 8.8
Eu* 8.0 8.4 8.5 - 8.3
Gd* 8.0 8.3 8.4 8.4 8.0
Tb>* 8.2 8.0 8.0 8.0 8.2
Ho** 8.0 8.0 8.1 8.0 -
Er’ 8.0 8.2 8.2 8.2 8.2
Yb* 8.0 8.1 8.1 8.4 7.9
Lu** 8.0 8.2 8.2 8.2 8.0

*Bulk solution data from ref. [56, 58-62, 175, 196, 197].

As can be seen from Fig. 4.3.1.3., in the bulk limit (n = 128), the ‘S-shaped’
dependence of the first-shell hydration numbers for the lanthanide series is in excellent
accord with experiment [56, 58-62, 175, 179, 195-197]. As evidenced from the

integrated distribution functions in Fig. 4.3.1.2., the intermediate set of lanthanide ions
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(Gd3+ to Tb® ") possess bulk-limit equilibrium first-shell coordination numbers between 8
and 9 water molecules. Our simulations indicate that these clusters mainly adopt a purely
8- or 9-coordinate structure, given that P(r) is effectively zero between the peaks
corresponding to the first and second coordination shells. This feature is in excellent
agreement with the work of Helm et al. [177, 179-181, 198, 206, 207]. It should be
noted, however, that at cluster size 128, the coordination number of Yb>* is not well-
reproduced by our model potentials.

Second shell coordination numbers for the lanthanides were also from the
obtained probability distribution functions for each cluster size n > 64. The second
coordination shell contains 17 water molecules for the La**-Sm®" ions and 15 solvent
molecules for the Tb**-Lu®" series. Gd** appears to be the only ion with a second-shell
coordination number of 16. Clearly, the second-shell coordination numbers are
influenced by the size of the ion, as the heavier lanthanides have smaller first-shell
coordination shells than the lighter ions. Overall, these values are in excellent agreement
with the results of previous simulations and experimental studies on the hydration of Y**,
an ion which possesses similar properties as for the lanthanide ions [173, 180, 208].

4.3.2. Thermodynamic Data

The cluster enthalpies obtained from our simulations are plotted in Fig. 4.3.2.1. as
a function of cluster size. As expected on the basis of what was observed in the quantum
chemistry calculations, the cluster enthalpies increase steadily across the lanthanide
series. The cluster binding enthalpies of Ln**(H,0), clusters shown in Fig. 4.3.2.1.a are
relatively large, compared to those reported for other ion-water clusters. For instance,

Na'(H;0)36 only has a cluster enthalpy on the order of -210 kcal/mol whereas the
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La®*(H,0)36 cluster has a cluster enthalpy of -804 kcal/mol [125]. These results clearly
illustrate the high interaction energies associated with the lanthanide ion-water
interactions.

The fact that the cluster enthalpy becomes increasingly dependent with cluster
size on solvent-solvent interactions as opposed to metal-ion solvent interactions can be
inferred from Fig. 4.3.2.1.b where the reduced binding enthalpy, the cluster enthalpy per
solvent molecule AHy/n, is plotted as a function of cluster size. It can be clearly seen that
the reduced binding enthalpy decreases exponentially with increasing cluster size. The
reduced binding enthalpies of Ln**(H,O), clusters, ~13 kcal/mol at n = 128, approach the
heat of vaporization of bulk water of -9.7 kcal/mol. This constitutes a deviation of
approximately 30%, implying that the cluster has yet to reach the bulk limit at n = 128.
The fact that the convergence is slow with cluster size unlike in the case of Na'(H,0),
clusters, is again indicative of the long-range interactions between the lanthanide ion and
the solvent molecules [125].

4.4, CONCLUSIONS

We have investigated and characterized the structural and thermodynamic
properties of Ln**(H,0), clusters through the lanthanide series using room-temperature
Monte Carlo simulations, as an extension of previous work on Nd**, Eu**, Er’" and Yb**-
water clusters [118]. With the exception of the Th**, Dy** and the radioactive Pm>" ions,
we have now developed model potentials for nearly the entire lanthanide series. These
model potentials have proven to yield precise, and in most cases accurate structural and
energetic properties with respect to either the quantum chemistry calculations reported

here or to available, experimental results. For instance, the trends in lanthanide ion-
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oxygen distances obtained in X-ray and neutron diffraction studies of bulk solutions are
fairly reproduced, with any errors in these distances being systematic across the entire set
of lanthanides studied (an error of 0.30 A) [56, 58-62, 175, 196, 197]. The first and
second-shell coordination numbers were also in agreement with those obtained from both
X-ray/neutron diffraction studies and those reported from other simulations [56, 58-62,
175, 196, 197]. Of particular interest is the fact that simulations with our model
potentials reproduce the S-shaped trend in coordination numbers across the lanthanide
series, namely that the early Ln*" ions (La**-Pr*") are surrounded by ~9 water molecules,
the later set of ions (Ho>*-Lu®") by 8 water molecules, and the intermediate jons (Sm**-
Tb*") tend to have coordination numbers that reflect the relative distribution of 8 or 9-
coordinated species in the course of the simulations. Furthermore, the coordination
numbers obtained for smaller cluster sizes were in agreement with those obtained in other
simulations and were quite similar to the stable cluster sizes observed experimentally for
other lanthanide ion-solvent clusters [33, 108, 118].

In addition to our investigation of the structural properties of these clusters, we
had also focused our attention on determining the thermodynamic properties of the
Ln’*(H,0), clusters. The appropriate trends in cluster enthalpies, namely that water
molecules are less tightly bound to that the lighter lanthanide ions than to the heavier
ones, were obtained in our simulations and the results were in keeping with the range of
energies established from previous quantum chemistry calculations and previous
simulations of liquid systems [106-108, 112, 116-118, 122]. The cluster binding
enthalpies greatly depend on ion-solvent interactions for small cluster sizes (n < 24),

whereas the cluster enthalpy is mainly governed by solvent-solvent interactions at larger

104



sizes. The latter was reflected by the manner in which the total cluster enthalpies
increased linearly for n > 36, and by the convergence of the reduced binding enthalpies
towards the heat of vaporization of bulk water at n = 64 and 128.

Previous simulations of monovalent metal ion-water clusters using similar model
potentials and the same simulation procedure yielded stepwise binding energies in
excellent agreement with experimental data [123, 125, 128, 129]. Although no
experimental data is available regarding the thermodynamics of the clusters studied in
this paper, we estimate that the cluster binding enthalpies reported here are probably
accurate to within 7%, which is a marked improvement over the predictions of our
previously published model potentials [91, 103, 118, 209].

As detailed in the introduction, much of the experimental issues hindering the
study of Ln® +(H20)n clusters include solvent-to-ion electron transfer and deprotonation of
the cluster. A systematic study of these processes is underway for relatively small cluster
sizes. Furthermore, our studies of the microsolvation of lanthanide ions is currently
being extended to other solvents, such as in acetonitrile, for which stable 3+ clusters have
been observed experimentally [23, 24, 33, 90].

AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO THESIS

Prior to publication of the work in Chapter 3, it was strongly suggested by one
reviewer that it is not possible to form Ln**(H,0), clusters experimentally. Given that
our simulations seemed to imply that the formation of these clusters was quite favourable,
it was clear that a more thorough investigation into the stability of these clusters was
warranted. As our model potentials are not amenable to such a study, we chose to use

quantum chemical calculations as a means of probing cluster reduction in Ln**(H;0),.
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As will be described in the following chapter, cluster reduction can occur via 3 different
mechanisms, 1) proton transfer, 2) electron transfer and 3) heterolytic cleavage. We have
decided to focus on the most likely of these pathways, namely the proton transfer

mechanisms.
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ABSTRACT

The difficulties associated with producing stable, multiply-charged, solvated
metal ion clusters using traditional spray techniques have been well documented in the
literature. Of particular note have been issues pertaining to conserving the 3+ state of
clusters containing trivalent lanthanide metal ions and protic solvents, such as Ln3+(H20)n
even though the third ionization potentials of several lanthanide metals are lower than the
second ionization potential of Cu, which is known to form stable divalent metal ion-water
clusters, Cu®*(H,0),. We present a preliminary study of deprotonation mechanisms in
Eu®*(H,0), clusters as a tentative explanation for the shortcomings associated with these
experiments. Our results indicate that the parent clusters (PC) are more stable than the
resultant deprotonated clusters (DC) for cluster sizes > 3 and that this relative stability
increases with cluster size. However, the predicted dissociation energies reveal that the
deprotonation of the cluster is highly exothermic (-50 to -150 kcal/mol) even for
relatively large cluster sizes. Our calculations reveal that the most likely pathway for
cluster deprotonation for sizes n < 6 is via the ejection of an H;O" ion from the cluster,

while pathways producing solvated H;O" ions appear to be the most likely candidates for
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cluster dissociation at larger sizes. The reaction paths and transition states associated
with the dissociation and deprotonation of clusters have been characterized. Clusters
smaller than n = 6 dissociate via a one step mechanism whereas clusters of size n = 6-8
dissociate via a two step mechanism involving migration of a water molecule from the
first to the second coordination shell, followed by hydrolysis of another inner-sphere
water molecule. The barrier heights associated with these dissociation processes are at
least 25 kcal/mol lower in energy than the barriers associated with simple ligand loss
from the cluster. These results would imply that Eu**(HO), clusters with n < 9 cannot
be isolated under conventional spray conditions.

Keywords: Cluster ions, lanthanide, deprotonation, europium, water
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5.1. INTRODUCTION

Despite sustained efforts, experimentalists have encountered varying success in
creating and detecting multiply-charged, solvated metal ion clusters [12-14, 19, 21-24,
28, 29, 31, 33, 34, 37, 90]. Of particular interest are the issues associated with the
formation and detection of stable clusters containing trivalent lanthanide metal ions in
protic solvents using various combined laser or electrospray/mass spectrometry based
techniques [14, 19, 24, 33, 90]. These problems are likely due to dissociative (1) electron
or (2) proton transfer processes that hinder the cluster’s ability to maintain the 3+
condition [14, 19, 24, 33, 90, 103, 209]. The mechanisms associated with these processes

are as follows:
M*La - M*La1+L", (1)
M**(LH)» &> M*L(LH)x -2+ LH>", ©))

where L is the solvent, or donor, ligand and M is the complexed metal ion. In general,
clusters of the form M**X(LH), (where X is a counter ion) or M**L(LH), can be formed
quite readily using conventional electrospray/pick-up techniques, however, most clusters
of the form M**(HOR), cannot be detected even following ‘mild’ spray conditions [14].
This presents a quandary to experimentalists since the third ionization potentials of most
lanthanide metals are similar, if not lower than the second ionization potential of Cu,
which has been shown to form stable Cu?*(H,0), clusters [12, 13, 37).

Recently, it has been reported that stable Ln’"(H,0), clusters can only be formed
in large clusters when the metal ion is either La**, Ce** or Eu®* [92]. At smaller sizes,
only products associated with the aforementioned proton or electron transfer processes

are observed. Apart from water, only diacetone alcohol appears to form stable 3+
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clusters with lanthanide ions [22]. In contrast, it has been shown that the 3+ state of the
lanthanide-solvent cluster can be conserved when the solvent is aprotic, for example in
clusters containing acetonitrile, acetone, dimethyl formamide and DMSO [14, 21, 23, 24,
90]. The minimum cluster sizes required to maintain this 3+ state were n = 1-3 for
acetonitrile clusters and n = 2-5 for DMSO clusters [21, 23]. In contrast, the minimum
cluster sizes required to retain this state in diacetone alcohol ranged from 5-8 solvent
molecules, and a minimum of 16 molecules were required to conserve this charge in
water clusters, clearly showing that large cluster sizes are required to maintain 3+ clusters
containing protic solvents [22, 92].

A previous quantum chemistry study by Beyer er al. revealed that the
deprotonation of M2+(H20)2 clusters (M = Be, Mg, Ca, Sr, and Ba) potentially occurs via
a salt-bridge mechanism [103]. This process begins with the migration of a first
coordination shell solvent molecule in the parent cluster (PC) to the second solvation
shell. A subsequent proton transfer to the second shell water from the nearest, first-shell,
water (NW) molecule results in both the formation of H3O" and the dissociated cluster
(DC), both of which separate via Coulomb explosion. A total of two transition state
structures were observed. The first, TS1, involves the displaced water (DW) lying in
close proximity to the NW. This DW then proceeds to move completely into the second
shell yielding the MIN2 local minimum energy structure. Finally, the formation of a salt-
bridge due to the proton exchange defines the second transition state, TS2, which then
gives rise to the deprotonated cluster products. It was shown that these deprotonation
reactions can compete with single ligand loss (SLL) from the cluster as both processes

are virtually isoenergetic. This is because the activation barriers for both TS1 and TS2
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are quite low, depending on the nature of the complexed metal ion. In the
aforementioned work, clusters containing metal ions with small charge:size ratios were
found to be prone to SLL whereas those with high charge:size ratios preferentially
underwent deprotonation. Later, studies by Vitorge and Masella revealed that Be**
undergoes a similar hydrolysis mechanism at larger cluster sizes (n = 3-6) [209]. The
calculated free energies of the deprotonated clusters were much larger than those
obtained for the bulk counterparts.

This paper contains recent findings regarding the deprotonation of Eu*'(H,0)n

clusters. Specifically, we have characterized using quantum chemistry calculations the

following pathways:
Ev**(H,0), > Eu** OH(H,0),., + H', (3)
Eu**(H,0), > Eu** OH(H,0),., + H;0", 4)
Eu**(H;0), > Eu* OH(H,0),.; + H;0'H,0, (5)
Eu**(H20)n > Eu*" OH(H,0),4 + H307(H,0),, (6)

up to a parent cluster size of 8. Comparisons will be made between the relative stabilities
of the parent cluster versus the deprotonated cluster. Furthermore, we will compare the
exothermicity of the various deprotonation pathways and discuss their impact on the
formation of trivalent lanthanide ion-water clusters. Finally, we will characterize both
the activation barriers and transition state structures associated with pathway (4) and
assess its competitiveness with single ligand loss.
5.2. METHODS

Quantum chemistry calculations were performed using the Gaussian98 program

[148]. The Stuttgart-Dresden (SDD) effective core potential (ECP) and basis set were
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used for europium and the 6-31+G(2d,p) basis set was used to represent all other atoms
[152, 153, 183, 202]. The level of theory chosen for this study was the hybrid G96PL
density functional theory method as it appeared to best reproduce the cluster binding
energies obtained from high-level MP2/6-31+G(2d,p)/SDD // QCISD(T)/6-
31+G(2d,p)/SDD calculations reported previously [118, 182,210, 211].

The performance of our model chemistry with respect to other DFT calculations
with the same basis sets and ECP can be compared in Table 5.2.1. As can be clearly
seen, the model chemistry employing the G96PL hybrid functional outperforms the other
DFT calculations in terms of CPU time used and the resultant, calculated binding
energies are in fair agreement with those reported from our previous QCISD(T)
calculations [118, 182, 210, 211]. However, we do acknowledge they overestimate the
QCISD(T) binding energies by ~7%.

All cluster optimizations were done using no symmetry constraints and transition
state calculations were done using the Opt=TS keyword in Gaussian98. Both the
transition state and minimum energy structures were characterized using a frequency
analysis and the various energies were corrected for zero-point energy contributions.

Finally, atomic point charge analyses were done for each configuration using
ElectroStatic Potential (ESP) derived charges [157]. These were calculated using the
aforementioned model chemistry with the Gaussian98 program.

5.3. RESULTS AND DISCUSSION
5.3.1. Structures
Figure 5.3.1.1. depicts the minimum energy structures associated with the PCs,

Eu’*(H,0),, obtained from our quantum chemistry calculations. The Ln**-O distances
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Table 5.2.1. Energetic Properties of Ln**(H,0).

Level of Theory® D, Time®
QCISD(T) 90.5 04:22.2
G96PL 97.3 00:52.0
G96VWNS 97.3 00:52.8
G96VWN 97.7 01:05.7
BHandLYP 99.6 00:58.9
mPWP81 100.7 01:35.7
mPWVWNS5 100.7 01:09.2
mPWVWN 101.1 00:54.2
G96PWI1 101.7 01:33.0
B3PW9I1 101.8 01:38.4
GI96LYP 102.1 01:48.8
mPWI1PW91 102.2 00:54.6
PW91P81 102.3 01:12.8
PWI91VWNS5 102.3 00:59.2
PWO1VWN 102.7 01:08.2
BPWI1 103.7 01:28.5
B3LYP 103.7 01:30.5
mPWPWOI1 105.1 00:57.8
mPWLYP 105.5 00:59.3
PBE1PBE 105.5 00:59.0
PBEPBE 106.3 00:54.8
PW91PW91 106.8 00:55.3
PWIILYP 107.1 00:51.0
PW91P86 108.1 00:52.3

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

® Binding energies (kcal/mol).

¢ CPU times were based on single point calculations using the aforementioned model chemistries. These
calculations were run on a computer equipped with a Pentium III 1.2 GHz processor and 1 GB of RAM.
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Figure 5.3.1.1. Minimum energy structures associated with the parent clusters (PC),

Eu**(H,0),.
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increase with increasing cluster size, as would be expected based on the increased
shielding of the Eu’* ion by the surrounding solvent. The bent structure of the cluster at n
= 2 is due to a mutual polarization on the same side of the lanthanide ion by both ligands
[109-112, 117, 122, 168]. This complex has a C,-like symmetry such that the water
molecules are tilted out of the plane defined by the O-Fu-O bond angle. This
configuration is not uncommon and has been described in calculations of other large
metal ion-solvent clusters [109-112, 117, 122, 168]. At n = 3, the coordinating solvent
molecules form a trigonal pyramid. This structure has been observed as the minimum
energy structure in other calculations of similar clusters containing heavy metal ions such
as Cs” and Rb' [108, 212]. At this size, the energy gain due to the mutual polarization of
the Eu®* ion by all three water molecules favors the trigonal pyramidal arrangement of
the ligands as opposed to the more common trigonal planar structure. Attempts to
optimize the latter using our simulation procedure resulted in convergence to the trigonal
pyramidal structure. At n = 4, the tetrahedral symmetry was found to be favored over a
square-based pyramidal arrangement (where the Eu®* jon is capping). This is favored
since the solvent-solvent repulsions outweigh the benefits from mutual polarization of the
Eu’* ion at the same end. However, these repulsions are lessened at n = 5 due to the
longer Eu-O bond lengths (~0.06 A longer), and so a square-based pyramidal symmetry
is obtained. It should be noted that the capping water molecule at n =5 is located closer
to the metal ion at a distance of 2.40 A, whereas the remaining ligands are located 2.44 A
away. Similar minimum energy structures have been reported for Mg®*(H,0)s and
Ba®*(H,0)s clusters [105, 111, 121]. At cluster size n = 6, an octahedral symmetry is

favored by the cluster resulting in equidistant Eu-O bonds [213, 214]. The cluster
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symmetry obtained at n = 7 is that of a distorted capped trigonal prism, with the capping
water molecule located 2.54 A from the Eu®* ion and the remaining ligands located
approximately 2.50 A away [121, 126]. Such a structure has been observed in
Ca®*(H,0); clusters, and it is well documented that the Ca®" ion shares similar trends in
coordination to the europium ion [64, 121, 126]. At n = 8§, the square antiprism symmetry
around the Fu®" ion is adopted by the cluster. This symmetry is preferred by most octa-
coordinated trivalent lanthanide metal ions in solution and such a symmetry has also been
reported for Ca®*(H,0)s clusters [58-62, 106, 107, 121, 126].

Similar geometries to the PCs were obtained for the DCs, Eu?*OH(H,0)p.1, as
shown in Figure 5.3.1.2. for sizes n = 1-8. The OH" ligand generated by cluster
deprotonation binds far closer to the Eu®* ion than do the water molecules. For example,
at n = 1 the Eu-OH bond distance is 1.95 A whereas the Eu-water bond is far longer at
2.38 A. For the most part, the symmetries adopted by the DCs closely resemble those of
the PCs with only slight differences in the positions of the ligands. For instance, the O-
Eu-OH bond angles are smaller than the O-Eu-O angles found in the PC at most cluster
sizes. For instance, at n = 4, the HO-Eu-O bond angle is 112.5° whereas the O-Eu-O
bond angle is 109.5° in the corresponding PC. This is not surprising given that the
hydroxide-water repulsions are far weaker than the water-water repulsions. Only two
exceptions to these trends are apparent in our calculations: at n = 6 and 7, the DCs fully

retain their parent octahedral and distorted trigonal prismatic symmetries.
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Figure 5.3.1.2. Minimum energy structures associated with the dissociated clusters

(DC), Eu?*OH(H,0)y.1.
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5.3.2. Energetics
Figure 5.3.2.1. contains plots of the total cluster energies and the stepwise binding
energies of the PC as a function of increasing cluster size. The cluster binding energies

were determined to be:
AD, = D¢ — D" _ pp#° (7

where D, represents the various zero-point corrected energies for the superscripted

structure. The stepwise binding energies are calculated to be:

AD -1 = Dn - Dn—l . (8)

n

It should be noted that the reverse process of Eq. (8) yields the dissociation energies
associated with single ligand loss (SLL) from the cluster.

The PC cluster binding energies are very large. For example, the cluster binding
energy at n = 6 is approximately -387 kcal/mol, which is much lower than the binding
energy associated with Ca**(H,0)s (-235 kcal/mol) and Mg**(H20)s (-305 kcal/mol)
clusters [111, 121, 126]. Consequently, the PC stepwise binding energies are also quite
high. For instance, the first stepwise binding energy is -97 kcal/mol, which is somewhat
comparable in magnitude to the first stepwise binding energies for Mg®*(H,O), and
Y**(H,0), complexes (-75 and -110 kcal/mol respectively) [111, 117, 122]. Even at
large cluster sizes the stepwise binding energies are quite high, with values of -20
kcal/mol for cluster sizes 6-8. These energies would suggest that the formation of
trivalent lanthanide ion-water clusters appears to be highly exothermic. However, these
clusters do not form experimentally and thus a competing process leading to cluster

dissociation must exist.
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In Figure 5.3.2.2., we have plotted the dissociation energies associated with the
four pathways presented earlier (in Egs. 3-6) versus cluster size:

D

AD = D 3+ products * (9)

deprotonation Entt(H,0),
It is quite clear from the figure that the least exothermic pathway is (3). Beyond cluster
size n = 2, the cluster dissociation becomes endothermic and less favorable with cluster
size increase. This is concomitant with the shorter O-H bond distances of the NW
observed with cluster size increase. However, the fact that the PC can readily dissociate
at n =1, 2 is quite a remarkable feature since it suggests that no trivalent clusters of these
sizes can be formed. For instance, the deprotonation of Eu**(H,0) is highly exothermic
with a deprotonation energy of -49.5 kcal/mol. These sizes are similar to the
experimentally determined minimum cluster sizes at which other Eu**-protic solvent
clusters can no longer maintain a 3+ charge [21-23].

In contrast, pathways leading to the production of H;O" are highly preferred. At small
cluster sizes n < 5, the most preferred pathway for PC dissociation is via pathway (4).
For example, the deprotonation energy of Eu**(H,0), is -142.0 kcal/mol whereas the
deprotonation energy using pathway (3) is only -11.9 kcal/mol. At larger cluster sizes,
the pathways involving the production of partially solvated H;O" ions (Egs. 5, 6) become
the most energetically favored routes for cluster deprotonation. These cluster products
are consistent with those previously proposed for other ion-solvent clusters [5, 14, 24, 33,
90]. This finding is further supported by the fact that this size range represents the point
where solvation of the H;O" ion is energetically more favorable than the solvation of
EuOH. The solvation energies of both jons are shown in Figure 5.3.2.3. for

comparison. The H3;O" solvent stepwise binding energies are -30.3 kcal/mol and -16.2
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kcal/mol at n = 1 and 2, respectively. These predictions are similar in magnitude to
experimentally determined enthalpies and are in excellent agreement with previous
quantum chemistry calculations [26]. At n = 1, the solvation energy of H3O" is lower
than the stepwise binding energies of Eu**OH(H,0), of sizes n > 5, and at n = 2, it is
lower than the stepwise binding energies for clusters with n > 6. Not surprisingly, these
sizes correspond to the cluster sizes at which pathways (5) and (6) are favored over (4),
as evidenced from Figure 5.3.2.2.

The dissociation reactions associated with pathways (5) and (6) are highly
exothermic with dissociation energies ranging from 50 to 150 kcal/mol, depending on
cluster size. For instance at n = 8, the dissociation energies associated with pathways (4),
(5) and (6) are —77.9 kcal/mol, -94.7 kcal/mol and —93.2 kcal/mol, clearly indicating that
the production of solvated H;O" is highly preferred at these sizes. It is interesting to note
that the deprotonation energies of pathways (5) and (6) are very similar at this size
because the solvation of H;0" by two water molecules can compensate for the loss in
energy associated with loss of two water molecules from the PC.

5.3.3. Reaction Mechanism for Pathway (4)

Figures 5.3.3.1. and 5.3.3.2. contain the transition state structures for the TS1 and
TS2 complexes, respectively, associated with pathway (4). Recall that the TS1 structures
result from the displacement of one solvent molecule from the first coordination shell
into the second coordination shell. In these structures, the NW is closer to the Eu’t ion
and the resultant Eu-O distance is similar to that of the Eu-OH bond distances in the DCs.

Furthermore, it can be seen that the remaining H>O molecules are arranged such that the
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Figure 5.3.3.1. Minimum energy structures associated with the TSI transition state
clusters, Eu3+(H20)n. Arrows represent the vibrational mode associated with the

imaginary frequency of the transition state.
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Figure 5.3.3.2. Minimum energy structures associated with the MIN2 intermediate

clusters, Eu3+(H20)n.1H20.
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Table 5.3.3.1. O-H bond lengths of the NW? in the parent and transition state clusters.”

n PC* TS1¢ Aro.n
2 0.99 1.07 0.08
3 0.99 1.05 0.06
4 0.98 1.02 0.04
5 0.98 1.02 0.04
6 0.98 1.01 0.03
7 0.98 0.99 0.01
8 0.97 0.98 0.01
n PC¢ MIN2°¢ Aron
6 0.98 1.43 0.45
7 0.98 1.43 0.45
8 0.97 1.49 0.52
n PC* TS2f Aro.n
6 0.98 2.11 1.13
7 0.98 2.36 1.38
8 0.97 2.50 1.53

* Water molecule nearest the ‘displaced” water molecule (DW) that is localized in the second solvation
shell as in the TS1 structure, see Figure 5.3.3.1. and text for details.

® Quantum chemistry calculations are performed with the G96PL/6-31+G(2d,p)/SDD basis set as discussed
in the text. O-H bond distances reported in A.

° Parent cluster, Eu’"(H,0),.

4 1 transition state structure.

¢ 2™ minimum energy configuration.

T2nd transition state structure, Eu?*(H,0),.H;0"

cluster geometry shifts from that in the PC to that found in the DC. This is clearly done
to minimize solvent-solvent repulsions.

To gain insight into the extent of PC dissociation at the TS1 stage, the changes in
the O-H bond distances of the NW for both the PC and the TS1 structures were
monitored. These values are listed in Table 5.3.3.1. The O-H bond length of the NW is
longer in the TS1 structure compared to that in the corresponding PC at each cluster size.

For example, in Eu’ +(H20)2 the O-H bond length changes from 0.99 A in the PC to 1.07
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A in TSI, constituting a change of +0.08 A. This change is the same as that reported for
the NW in Mg”**(H,0),, Ca®*(H,0), and Sr**(H,0), TS! clusters [103].

Most importantly, the changes in the O-H bond distance become smaller with
cluster size increase. This is due to the fact that the DW is situated further away from the
NW in the TS1 structure of larger clusters and thus, the O-H bond is not polarized as
extensively. This feature would imply that the formation of H3O" may become
increasingly difficult with increasing cluster size, corroborating what has been seen
experimentally [92].

Figure 5.3.3.2. contains the intermediate minimum energy structures, MIN2
(Eu**(H,0),.1H,0), that are associated with the complete displacement of the DW to the
second coordination shell for cluster sizes n = 6-8. The DW at this stage is located at a
distance approximately 4.5 A away from the metal ion, corresponding to the distance
associated with the second coordination shell of the Eu*>* ion in solution [60]. For smaller
cluster sizes, attempts to minimize structures similar to the respective TS1 states resulted
in convergence towards the separated products from pathway (4), implying that in small
complexes, the NW is distorted sufficiently in the TS1 state to allow for donation of the
proton to the 2™ solvation shell. This is strongly supported by the large Aroy values
reported in Table 5.3.3.1. for small clusters (n = 2-5). In the MIN2 structures, we note
that the values of Arpy are sufficiently large enough to promote proton transfer.

The TS2 structures obtained at cluster sizes n = 6-8 are presented in Figure
5.3.3.3. As stated earlier, these structures are defined by a salt bridge, HO---H---OH,
which is representative of the proton transfer between the NW and the DW. It is clear

from Figure 5.3.3.3. that the O-H-O bond angle is quasi-linear for each of these clusters
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with angles of ~170-175°. More importantly, the normal modes associated with the
imaginary frequencies indicate that the proton from the NW moves towards the DW.
Finally, the larger Aroy values for these structures compared to the TS1 structures would
indicate that the proton is being shared by both parties explicitly.

Pathway (4) was further probed by determining the reaction path intermediates for
each cluster size and their respective activation energies. The complete reaction pathway
associated with loss of H3O" from the cluster is compared to the dissociation energies
associated with SLL from the cluster in Figure 5.3.3.4. As was proposed earlier, the
dissociation occurs via a two-step mechanism involving the TS1 and TS2 structures
found in Figs. 5.3.3.1. and 5.3.3.2. [103]. Recall that the dissociation of smaller clusters,
n <6, only involves the TS1 intermediate.

In general, the activation energies are quite low. For example, the highest TS1
relative energy is that of the Eu’(H,0); cluster at 27.7 keal/mol. This activation energy
is comparable to that found for the TS1 structure in Mg2+(H20)2 clusters [103]. As
shown in Figure 5.3.3.4., the activation energies become smaller with cluster size
increase. This is attributed to the transition state complex becoming increasingly
stabilized by the surrounding solvent relative to the PC. The energy barriers associated
with TS2 are much smaller than those for the TS1 states. For example, the activation
energy associated with TS1 for the Eu3+(H20)6 cluster is -10.9 kcal/mol whereas that for
the TS2 barrier is effectively zero.

The reverse activation energy barriers associated with MIN2 are smaller than
those for the forward reactions. For instance, the energy barrier for the reaction involving

MIN2 back to TS1 in Eu3+(H20)6 is -5.0 kcal/mol, compared to -10.9 kcal/mol for the
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Table 5.3.4.1. Partial atomic charges associated with the PC, TS1, MIN2, TS2 and DC

structures for n = 1-9 along pathway (4).?

n Type JEu qo-NW qH-NW qH-DP qo-pw QH-DW  QH-DW

2 PCb +2.66 -1.10 +0.61 +0.65 -1.10 +0.61 +0.65
TS1° +2.62 -1.02 +0.60  +0.65 -1.08 +0.60 +0.62
DC? +2.34 -0.93 +0.59 - - - -

3 pC +2.59 -1.10 +0.60  +0.64 -1.10 +0.60 +0.64
TSI +2.57 -1.03 +0.61 +0.62 -1.13 +0.62 +0.59
DC! +2.31 -1.00 +0.59 - - - -

4 PCP +2.65 -1.17 +0.63  +0.63 -1.17 +0.63  +0.63
TSI® +2.54 -1.02 +0.60  +0.59  -1.12 +0.59 +0.59
DC!? +2.29 -1.04 +0.60 - - - -

5 PC +2.58 -1.12 +0.59  +0.59  -1.06 +0.58  +0.58
TSI +2.62 -1.16 +0.63  +0.60 -0.99 +0.53  +0.53
DC¢ +2.39 -1.06 +0.58 - - - -

6  PC® +2.67 -1.09 +0.57  +0.57 -1.09 +0.57  +0.57
TS1° +2.61 -1.07 +0.59  +0.56 -1.00 +0.53  +0.53
MIN2®  +2.57 -1.09 +0.46  +0.52 -0.61 +0.49  +0.49
TS2f +2.33 -0.99 +0.41 +0.44 -0.49 +0.50  +0.50
DC? +2.70 -1.09 +0.58 - - - -

7  PC +2.70 -1.07 +0.55  +0.57  -1.05 +0.55  +0.55
TS1® +2.59 -1.28 +0.56  +0.52 -1.14 +0.57  +0.57
MIN2®  +2.62 -1.10 +0.49 4059  -0.82 +0.48  +0.48
TS2f +2.49 -1.08 +0.42  +0.50 -0.50 +0.50  +0.50
DC? +2.48 -1.13 +0.57 - - - -

8§ PC +2.71 -1.03 +0.54  +0.54 -1.03 +0.54  +0.54
TSI® +2.56 -1.00 +0.55  +0.50 -0.92 +0.48  +0.48
MIN2®  +2.63 -1.05 +0.49  +0.55 -0.82 +0.47 +0.47
TS2f +2.48 -1.04 +0.40  +0.46  -0.48 +0.49  +0.49
DC¢ +2.42 -1.24 +0.60

Molecule qo qQu

H,O -0.72 +0.36 - - - _ -
H;0" -0.44 +0.48 - - - - .

* Electrostatic potential (ESP) charges determined using the G96PL/6-31+G2d,p/SDD model chemistry

[157]. ® Parent cluster, Eu**(H,O),. © 1¥ transition state structure, see Figure 5.3.3.4. and text for details.
4 Dissociated cluster, Eu**OH(H,0),.,. ¢ Intermediate minimum energy structure, Euv®**(H,0),.1H,0. fond
transition state structure, Eu*"(H,0),,H;O", see Figure 5.3.3.4. and text for details.
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complimentary forward reaction. However, the smaller energy barrier between MIN2
and TS2 clearly favors progression of the reaction towards cluster deprotonation. It is
also clear from Figure 5.3.3.4. that SLL (first column) cannot compete with the
deprotonation process.
5.3.4. Charge Analysis

The calculated atomic point charges of the Eu, O and H atoms for each of the
cluster sizes and types studied are collected in Table 5.3.4.1. It is interesting to note that
the positive point charges associated with the Eu®* ion, gg,, decrease from +2.66 at n = 1
to a low of +2.58 at n = 5, then steadily increase again up to +2.71 at n = 8 in the PC.
This is because at smaller cluster sizes, the solvent molecules are quite close to the Eu ion
that is surrounded by an increasing number of potential charge donors, whereas at larger
cluster sizes this process is slowly minimized due to the increasingly larger rgy.o
distances. Accompanying the decreases in gg, are increases in the negative charge of the
oxygen atoms, (o, and increases in the positive charge of the hydrogen atoms, qg, with
respect to those determined in the uncomplexed water molecule (also shown in Table
5.3.4.1.). These changes in the charge distribution of water are a reflection of the strong
polarization of the water molecules by the Eu>* ion.

In order to assess whether or not charge transfer is one of the driving forces for
the various deprotonation processes, a comparison between the partial atomic charges of
each atom associated with each cluster type has been made. For reference, the point
charges associated with the NW and DW have the appropriate subscripts and the
hydrogen atom involved in the deprotonation process is labelled H-DP. A comparison of

the various point charges obtained from the TS1 and PC structures reveals that as the DW
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moves into the second coordination shell, the NW begins to transfer slightly more charge
to Eu, due to the fact that the NW to Eu distance shrinks (see Figs. 5.3.1.1. and 5.3.3.1.).
The same can be said for the remaining H>O molecules in the first coordination shell. On
the other hand, qo.pw and qu-pw become more positive and negative, respectively, since
their interactions with the metal ion are lessened, thus restoring to some extent the atomic
point charges seen in the uncomplexed water. At cluster sizes n = 2-4, the qo.pw in the
TS1 complex is more negatively charged than qo.nw. This results in a stronger attraction
between the H-DP to the O-DW, thus providing an electrostatic rationale for the proton
transfer. This is not the case for cluster sizes n = 5-8 where the driving force may be the
increased attraction of the NW to the Eu ion. Due to the shorter Eu-O bond length, the
H-DP may become repelled and drawn to the DW. The loss of energy associated with
this transfer is more than compensated for by the gain in energy associated with the
formation of the much stronger Eu-OH bond.
5.4. CONCLUSIONS

We have investigated with quantum chemistry calculations the deprotonation of
Eu’*(H,0), clusters via 4 different mechanisms. Despite the high exothermicity
associated with the formation of Eu®*(H,0), clusters, the dissociation of these complexes
into EuZ"LOH(Hzo)n is even more favorable. At n > 3, H,O must accompany the loss of
H" in order for the deprotonation process to be feasible. At n > 6, the dissociation of the
parent cluster is most favorable when water molecules accompany loss of H;0" from the
cluster, this due to the greater H;0" solvation energy with respect to that of Eu*OH. It
bears mentioning that this study constitutes an initial foray into investigating the

mechanism behind Ln**(H,0), cluster deprotonation. To our knowledge, no other study
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associated with this phenomenon as it relates to this cluster type has been presented in the
literture.

Given the wide array of configurations that are possible at larger cluster sizes, n >
8, an in-depth study beyond that presented here would be required to probe the sizes at
which the deprotonation process is quenched and more bulk-like properties are obtained.
This would appear to be at cluster size n = 16 according to recently published,
experimental data [92]. It is well-documented that Eu’** jons have large pKas and act as
weak acids in solution [54, 61, 62]. Based on this analysis and the scarce experimental
evidence available, it would appear that the acid-base properties of Eu’*, and perhaps the
other lanthanide ions, are substantially different in cluster phase until, presumably, a
cluster size of 16 solvent molecules.

Our calculations clearly shed light onto the issues regarding the detection of
Eu®'(H,0), clusters under spray conditions. The results for pathway (4) indicate that the
activation energies associated with parent cluster deprotonation are not high and that this
process is increasingly favorable with increasing cluster size. This is a clear illustration
of how the immediate environment of the ion influences the dissociation process. All the
deprotonation activation energies are lower in energy, compared to the energies
associated with single ligand loss from the cluster.

Though it was not explicitly investigated in this study, no curve-crossing exists
was assumed between between these two pathways, as was the case in the work of Beyer
et al. on other metal ion-solvent clusters [103]. In their study, it was shown that the

MIN2 to TS2 energy barrier for Mg**, Ca** and Sr**(H,0); clusters is higher in energy
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than that of single ligand loss from the cluster. However, akin to the system studied here,
such a crossing did not occur in the Be?*(H,0); clusters.

In terms of future work, it would be worthwhile to monitor the electron transfer
pathways alluded to earlier, though this would appear to be unfavourable based on
previous calculations of other ion-solvent calculations [103]. In the work of Beyer et al.,
it was shown that the formation of DCs was more energetically favoured over the
production of M"(H,0) species (and H,O") from M?*(H,0), clusters. It must be stressed
that other reduced cluster products, such as Eu'(H,O0)(OH),, can also result from these
cluster generation experiments and so some investigation into the energetics involved in
these reactions warrants investigation.

AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO THESIS

This paper reflects upon the reasons why Ln**(H,0), clusters cannot be formed at
small cluster sizes using current cluster generating techniques. Our findings have
profound implications on cluster research as they effectively show that lanthanide ions
have very different chemical properties in the cluster phase compared to in the bulk. For
instance, the Eu®* ion in the microsolvated cluster plays a pivotal role in producing
hydronium ions that ultimately lead to charge reduced clusters. However, this behaviour
rarely occurs in the bulk where the europium ion acts as a weak acid at best.

It should be noted that this work was in preparation prior to the publishing of
Bush et al.’s article in the International Journal of Mass Spectrometry in June 2006.
Remarkably, our work in this chapter clearly illustrates why such clusters could not be

formed in their experiments at smaller cluster sizes than 16.
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ABSTRACT

Model potentials based on quantum chemistry calculations of small trivalent
lanthanide ion-acetonitrile clusters, Ln3+(CH3CN)n (Ln = Pr, Eu, Tb, Ho, Lu) were
developed in order to predict the thermodynamic and structural properties of these
clusters at room temperature, based on Monte Carlo simulations. The model potentials
account for polarization and make use of a newly developed rigid model for acetonitrile.
The simulations show that the ion-solvent intermolecular distances depend on the ion size
and are in keeping with the trends obtained from X-ray crystallographic studies of
lanthanide ion-acetonitrile complexes and from previous simulations. The average first-
shell coordination numbers are found to depend on the size of the metal ion and that of
the cluster, where convergence to the bulk limit, at around cluster size n = 36, coincides
with the completion of a second coordination sphere. The stepwise binding enthalpies of
Ln**(CH3CN), are very large in magnitude, reflecting the strong influence of the Ln>* jon
on the coordinated acetonitrile molecules, a feature strongly contrasting what has been
observed in other M“J’(CH3CN)n clusters, such as those containing Na".  The cluster
enthalpies are also quite large and the reduced cluster enthalpy converges slowly to the

acetonitrile bulk heat of vaporization with cluster size (approximately n = 52). The
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thermodynamic quantities presented in this article have not been determined
experimentally and we anticipate that these results can serve as benchmarks for future
experimentation. They also suggest that the formation of these clusters is quite favorable,
as has been observed in cluster formation experiments.

Keywords: Cluster ions; Lanthanide; Model Potentials; Thermodynamics; Monte Carlo

Simulations; Acetonitrile
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6.1. INTRODUCTION

Microsolvation of ions in clusters has received considerable attention over the
past few years, and most recently, emphasis has been placed on creating and
characterizing multivalent ion-solvent clusters [1, 3, 5-7, 12, 13, 20, 31, 32, 34, 35, 37,
40, 42, 46]. Several methods, for instance the pick-up technique and tandem
electrospray/mass spectrometry, have proven to be effective means for generating such
clusters, in particular those containing trivalent lanthanide ions [5, 14, 18, 21-24, 49, 90,
91, 97, 99, 108, 117, 118]. This family of elements would appear to provide good
candidate ions for such an endeavor as they possess ionization potentials (IP) that lie
below ~25 eV and are comparable to the IPs of other ions, such as Cu?*, which are known
to form stable, divalent ion-solvent clusters, most notably with water [20, 37].
Unfortunately, lanthanide ions have difficulty retaining their 3+ charge in small clusters
containing protic solvents [22]. This may be due to the fact that these clusters are prone
to deprotonation, whiéh results in Ln?*(OH)(H,0),. species [91]. Indeed, at small cluster
sizes, deprotonation of the trivalent ion-solvent clusters was found to be a highly
exothermic process that competes quite effectively against single ligand loss from the
cluster [91]. In contrast, aprotic solvents can stabilize a trivalent ion in a cluster by
eliminating the tendency for this proton transfer to occur, however, cluster reduction can
still occur via charge transfer from solvent or via heterolytic cleavage of one of the
solvent molecules, as has been demonstrated in collision-induced dissociation
experiments [23]. The former is evidenced from studies involving the formation of
clusters under ‘gentle’ spray conditions whereas the latter was observed in collision

induced dissociation experiments [23, 33, 90]. Trivalent lanthanide ion-solvent clusters
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have been detected successfully with aprotic solvents such as acetone, DMSO, dimethyl
formamide and acetonitrile [14, 18, 21, 23, 24, 90].

Acetonitrile is a versatile organic solvent that is capable of solvating both
hydrophilic and hydrophobic species, and its complexation to lanthanide ions in clusters
has been studied in moderate detail. Stewart et al. were capable of isolating Pr(CH3;CN),
clusters using electrospray methods [90]. Using a similar technique, Walker et al. found
that Ho>*(CH3CN)s was the most stable species formed using the pick-up technique [33].
Later, Shvartsburg isolated similar clusters for the remainder of the lanthanide series and
determined a set of minimum cluster sizes at which these ions could retain their 3+
charge, and he disregarded the existence of any ‘magic numbers’ as had been suggested
by Walker et al. [23]. However, despite all this work, very little is known about the
structure of the clusters produced in these experiments or the thermodynamics involved
in their formation.

The lanthanide ions are particularly interesting due to their rather unique ligand-
binding properties. Despite large ion-ligand binding energies, the lanthanide ions form
predominantly electrostatic complexes with their ligands [52, 54, 91, 97, 117, 118],
owing to a shielding of the valence 4f-orbitals by the larger 5p and 5s orbitals [52, 54]. In
addition, these ions exhibit a flexible coordination chemistry, binding anywhere from 6 to
10 ligands [52, 54]. Even though the preferential coordination numbers of the lanthanide
ions in solution had 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 heavier ions [54, 57-62, 175, 176, 215]. This phenomenon is attributed

to the reduction in the size of the lanthanide ions across the series [52, 54]. This effect
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also results in stronger ion-ligand interactions and shorter ion-ligand distances for heavier
lanthanide ion-ligand complexes.

To our knowledge, the only experimental studies geared towards characterizing
Ln** solvation in bulk acetonitrile are those by Deacon et al. and Biinzli et al. [57, 215].
The former involved estimation of the first-shell coordination numbers and ion-
acetonitrile distances using data obtained from crystallized Ln(CH3CN)go(AsFe)s,
whereas the latter involved estimation of these properties from FTIR spectra and
fluorimetric data for similar complexes. Given this lack of experimental data, several
research groups had opted to use computer simulations to assess the properties of these
systems. Simulations of both lanthanide ion-acetonitrile solutions and Ln**(CH;CN),
clusters (n = 1-15) have been performed previously by Baaden e al. using a polarizable
form of the AMBER force field [99]. The simulations reproduced, in part, the first-shell
coordination numbers of La>*, Eu®" and Yb**, however, the total shift in the first-shell
coordination numbers was found to be two ligands, as opposed to only one. Furthermore,
the stepwise binding enthalpies predicted by the model for small cluster sizes were far
lower than those determined from reference quantum chemistry calculation for
Eu’*(CH3CN) (by ~60 kcal/mol). Later simulations by Kim on the bulk solvation of Ln**
by acetonitrile using a model made simply of Coulombic and ‘Lennard-Jones 12-6’
repulsion-dispersion interaction terms, revealed a similar trend in coordination, with the
larger lanthanide ions binding approximately 12 solvent molecules in the first
coordination shell, and the smaller ions binding as few as 8 molecules [216-218].
However, it has been observed that polarization plays a prominent role in the lanthanide-

ligand interactions and so this model appears to be too simplistic, as evidenced, for
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example, by the overestimation of the coordination number of larger Ln*" ions [116, 117,
173, 180, 181].

Our group has reported a new polarizable model for gas-phase acetonitrile, which
has been successfully employed in simulations of Na'(CH3CN),, I'(CH3CN), and
Nal(CH3CN), clusters [130]. This new model is used here in an attempt to predict the
structural and energetic properties of room temperature, Ln’*(CH;CN) clusters using
Monte Carlo simulations. The outline of this article is as follows. First we present the
computational procedure, which includes details concerning reference quantum chemistry
calculations that were used to parameterize model potentials for use in Monte Carlo
simulations. Section 6.3. summarizes the structural and thermodynamic properties of
Ln**(CH3CN) clusters obtained from these simulations and where possible, comparison is
made to experimental and reported simulations. Particular attention is paid to possible
cluster-to-bulk transitions and to determining the thermodynamic properties of these
clusters, as these have yet to be determined experimentally [99]. Finally, comparisons
are made to previous simulations of Ln**(H,0), clusters [97, 118].

6.2. METHODS
6.2.1. Computational Details

Small, ground-state Lo’*(CH5CN), (n = 1-2) clusters were characterized by
quantum chemistry calculations using the Gaussian03 program [219]. Minimum energy
structures were optimized without symmetry constraint using second-order Meller-
Plessett (MP2) perturbation theory [151]. The 6-31G+(2d,p) basis set was employed for
the acetonitrile atoms, as this basis set generates a rather accurate structure and a

reasonably accurate dipole moment for gas-phase acetonitrile [152, 220]. Lanthanide
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ions were described by Stuttgart-Dresden-Bonn (SDD) large-core pseudopotentials and
valence basis sets, which allow for an extensive description of the valence space and
yield relatively accurate interaction energies [153, 183]. All minimum energy structures
were characterized by a vibrational frequency analysis and the energies were corrected
for both zero-point energy and basis-set superposition error via the Counterpoise
approach [155]. All dipole moments were estimated using point charges determined
from calculations based on the ElectroStatic Potential (ESP) [157].
6.2.2. Ln’* (CH;CN), ; - Structural and Energetic Properties

Table 6.2.2.1. lists the structural, energetic and electronic properties of
Ln**(CH3CN), > complexes obtained from MP2 calculations. All of the binary complexes
possess C; symmetry with the ion coordinated to the nitrogen of the acetonitrile
molecule. The Ln-N bond distance decreases from 2.29 A in Pr’*(CH;CN) to 2.12 A in
Ho**(CH3CN). This is not surprising as both experimental data and ion-ligand
calculations suggest that the lanthanide elements at the heavier end of the series bind
more strongly and closely to their ligands than the lighter ions [57, 99, 118]. The ion-
solvent binding energies of the binary complexes can be found in Table 6.2.2.1., which
shows the binding energies increasing from 128.9 kcal/mol for Pr’*(CH5CN) to 157.2
keal/mol for Lu**(CH3CN). These binding energies are similar to that of Mg?"(CH;CN)
[221].

The observed increase of the binding energy across the series is coupled to an

increase in the dipole moment of the complexed acetonitrile molecules in the cluster, this
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Table 6.2.2.1. Structural, energetic and electronic properties of Ln**(CH5CN) clusters.

Ion IaN' NG Tecn D.’ perzen’ On.tnn”
Pr*(CH,CN) é;ﬁg) (iji% (}:Zg) (3313) (166.1030)
Eu”'(CH;CN) é:gi) (Hg) (}jé) (322% (166-3263)
Tb**(CH5CN) éég) (i i ’97) (} 22) ( } :g g) (160%402)
Ho**(CH;CN) é:i% (}ﬁi% (ijé) (}jgj) (166.7506)
Lu**(CH3CN) ég) (H% (1:22) ( }2;% ( 17(59800)
PUCHON: 030 () ade)  @s® 616 i
BCHON:  5h0 a7y (46 o5 039 (1164
Tb” (CH;CN), éég) (i ] g) (i :Zg) égﬁ) (giig) (i 1(6):;)
Ho™ (CH;CN); é:gg) (} 1 g) (} :22) égfl;:g) (g:g;) (} }g:g)
Lu™'(CH;CN), é:ig) (Hg) (iiig) égzﬁg) (gﬁg) (}éiﬁi)
CH;CN - &fg) (iﬁ% ] (gigg) i

? Determined from MP2 calculations and from model potentials (in parentheses).

® Interatomic distances (A), Cy, indicates the methyl carbon in acetonitrile.

¢ Binding energy (kcal/mol) corrected for both zero-point energy and basis set superposition error.
4 Dipole moment (D) of acetonitrile based on electrostatic potential (ESP) charges.

¢ Nitrogen-lanthanide-nitrogen bond angle (°).

due to increase in the charge:size of the ion. Solvent polarization by the ion is very
significant, resulting in very large solvent molecular dipole moments in the cluster, nearly
twice as much as that of the uncomplexed acetonitrile molecule. The acetonitrile
molecular dipole moments in Ln>*(CH;CN), clusters are much larger than those in alkali
ion-acetonitrile clusters [125]. For example, the total dipole moment of acetonitrile is 5.4

D for Na'(CH3CN) whereas it is 7.00 D for Lu**(CH3CN), this owing to the larger
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charge:size ratio and greater polarizing ability of the Ln*>" ions. Similar polarization of
the solvent has also been observed in Ln**(H,O) clusters, but to a lesser extent, most
likely because of the weaker solvent polarizability (1.45 A® for water versus 4.45 A® for
acetonitrile) [117, 118]. Polarization of the solvent contributes significantly to the ion-
solvent complex stabilization (or binding) energy. Since polarization effects are less
significant for water than acetonitrile, ion-water binding energies are typically smaller in
Ln*"(H,0) versus Ln**(CH3;CN). For example, the binding energy of the Eu**(H,0)
complex is approximately -90 kcal/mol, which is 40 kcal/mol weaker than that of
Eu**(CH3CN) [118].

Slight structural changes are observed for the complexed acetonitrile molecule as
a result of solvent polarization, as seen from the data in Table 6.2.2.1. The N-C bonds
lengthen sparingly (+0.01 A) whereas the carbon to methyl carbon (Cy,) distances shorten
slightly (-0.03 A). Changes associated with the atomic point charge distribution of
acetonitrile also reflect the polarization of acetonitrile molecule due to Ln>* ions. The
atomic point charge of the nitrogen atoms, listed in Table 6.2.2.2., decrease upon ion
complexation and become more negative across the lanthanide ion series. On the other
hand, both carbon atoms become more positive, as do the hydrogens. This electron
density redistribution is reflective of the strong polarization of acetonitrile induced by the
lanthanide ion. Charge transfer from acetonitrile to the lanthanide ion also appears to be
significant, as evidenced by the data in Table 6.2.2.2., where it can be seen that there is a
uniform reduction of 0.32 e in the atomic point charge of the clustered lanthanide ion.
Similar trends were observed in previous calculations of lanthanide ion-water complexes

but charge transfer was found to be far less extensive (~0.15 ¢) [118]. This may be due to
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the fact that nitrogen is less electronegative than oxygen and is thus more prone to charge

transfer interactions.

Table 6.2.2.2. Changes in the atomic charge distribution of Ln**(CH3CN).?

Ion anb an’ ch dem qu
Dimers
Pr’*(CH;CN) +2.68 -0.72 +0.65 -0.43 +0.27
Eu**(CH;CN) +2.68 -0.78 +0.71 -0.45 +0.28
Tb>*(CH3CN) +2.68 -0.80 +0.74 -0.48 +0.29
Ho*>*(CH;CN) +2.68 -0.83 +0.77 -0.50 +0.29
Lu**(CH;CN) +2.68 -0.87 +0.81 -0.52 +0.30
Pr**(CH;CN), +2.54 -0.74 +0.66 -0.48 +0.27
Eu’'(CH;CN), +2.54 -0.78 +0.70 -0.50 +0.27
Tb>*(CH3CN), +2.55 -0.80 +0.72 -0.50 +0.27
Ho**(CH;CN), +2.55 -0.80 +0.72 -0.50 +0.27
Lu**(CH3CN), +2.55 -0.81 +0.73 -0.50 +0.27
CH;CN - -0.49 +0.46 -0.52 +0.18
Ln +3.00 - - - -

* All charges from ESP calculations based on MP2/6-31-+-G(2d,p) calculations.

® Atomic point charge of the lanthanide ion (fractions of e).

¢ Atomic point charge of the acetonitrile nitrogen atom in acetonitrile (fraction of e).

¢ Atomic point charge of the acetonitrile carbon atom in acetonitrile (fraction of e).

¢ Atomic point charge of the acetonitrile methyl carbon atom in acetonitrile (fraction of e).
f Atomic point charges of the acetonitrile hydrogen atoms in acetonitrile (fraction of e).

All Lo**(CH3CN); clusters investigated possess Cyy symmetry, a structural motif
not uncommon in trimers involving large metal ions, and any attempt to obtain a linear C;
structure resulted in the cluster converging to the C,, geometry [110-112, 117, 122].
This symmetry is likely the result of several factors. First, the lanthanide ion is polarized
mutually at the same end by both acetonitrile molecules, thus allowing for closer and
more favorable ion-solvent interactions than would be obtained in the linear C; structure

[117]. Second, the longer ion-acetonitrile distances compared to those found in the
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dimers are the result of the ion being incapable of polarizing both acetonitrile molecules
as efficiently due to a screening of the ion’s charge. This results in less enhancement of
the acetonitrile dipole moments, and consequently lower Ln**-CH3CN interaction
energies than in the dimer. For instance, the bond lengths and binding energies are 2.37
A and 228.8 kcal/mol in Pr**(CH3CN), and 2.29 A and 128.9 kcal/mol in Pr**(CH;CN).
Across the lanthanide series, the tendency for the larger ions to bind less tightly than the
smaller ions to acetonitrile is conserved. Furthermore, the N-Ln-N bond angles increase
across the series, this owed to slightly increased inter-solvent repulsions resulting from
the observed decreases in the ion-solvent distances (c.f. Table 6.2.2.1.).
6.3. MODEL POTENTIALS AND SIMULATIONS/PROCEDURE
6.3.1. Functional Form of the Model Potentials

The model potential employed in the simulations consists of a sum of Coulombic,
polarization and repulsion-dispersion terms:
6.3.1.1.

U = UCoulomb + U + U

Polarization Re pulsion-Dispersion *

The ion and solvent molecules are represented by point charge distributions, induced

dipoles and repulsion-dispersion forces. The Coulombic energy is simply:

U coutoms = Z 49, ) 6.3.1.2.

ij Ty
where g; and g; are static point charges carried by ionic and molecular sites located at a
distance r; from each other.  The polarization energy, which reflects the mutual
polarization of the solvent molecules and the lanthanide ion, accounts for the interactions

between induced dipoles (1) and the electric field, E°, felt at site i arising from the static

point charge distribution:
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UPoIarization = —%ZE?[L‘ ) 6.3.1.3.

- F
Eo=y- 20 63.14.
J

- P37
=
The induced dipoles are evaluated as a linear response to the total electric field:
i =a-E =ai[E:+21;,.ﬁj}, 6.3.1.5.
i*)
where o; is the polarizability at site i and 7j; is the dipole tensor [185]. In cluster
simulations, the low dimensionality of the problem allows for a straightforward solution
of the set of linear equations in Eq. 6.3.1.3.-6.3.1.5. in matrix form, which is obtained via
LU decomposition and back substitution [186, 187]. Finally, the repulsion-dispersion

energy is obtained using a generalized 12-8-6 Lennard-Jones potential:

iy

=12 -8 )
URepulsion—Dispersion = Z [A,jry + Bijrij + C v, ], 6.3.1.6.
if

where 4;, By and C; are adjustable parameters. A, sites were only used for atoms
involved in acetonitrile-acetonitrile interactions whereas Bj; were only used for atoms
involved in Ln-acetonitrile interactions. C; sites were used for all interatomic
interactions.

The acetonitrile model used in this study is that developed in recent work [130].
Briefly, the CH3CN model employs a gas-phase equilibrium structure. The acetonitrile
charge distribution is assigned on the basis of atomic point charges obtained from high-
level quantum chemistry calculations that reproduced the molecular dipole moment of
gas-phase acetonitrile (3.9 D). In addition, the model contains a set of distributed

polarizabilities on the N, C and methyl C (C,,) atoms, and repulsion-dispersion sites on
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each atom. On the other hand, the lanthanide ions carry point-charge, polarizability and
repulsion-dispersion sites.
6.3.2. Parameterization of the Model Potentials

The parameters used in the polarizable model potential include effective atomic
point charges, atomic polarizabilities (A%) and repulsion-dispersion parameters, Ay
(kcal/mol A™'), B, (kcal/mol A®) and C; (kcal/mol A®). The lanthanide ions carry a
point charge of +3 and polarizabilities based on the work of Saxena et al., while a set of
atomic polarizabilities on the N, C and methyl C (C,,) sites was fitted under the constraint
of reproducing the molecular polarizability of 4.45 A [222]. The repulsion-dispersion
parameters were fitted to reproduce solute-solvent and solvent-solvent binding energies
and interaction distances, as well as solvent molecular dipole moments for a number of
pure solvent and ion-solvent clusters [130]. The fitting was performed using a non-linear
least-squares fit based on the method proposed by Marquardt and Levenberg [187]. The
parameters are listed in Tables 6.3.2.1. and 6.3.2.2.

Table 6.3.2.1. Acetonitrile potential parameters.

4 Cy’
N-N 92287 -945
N-C 1365181 -11058
N-H 79804 -1142
C-C 86030 -1046
C-H 2578 -124
H-H 1 -1

o’ q°
N 1.14 -0.49
C 1.18 +0.48
Cm 2.00 -0.56
H - +0.19

2 Repulsion-dispersion parameter (kcal/mol A™'2).
® Repulsion-dispersion parameter (kcal/mol A ).
® Site polarizability (A®).

4 Atomic point charge (fraction of e).
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Table 6.3.2.2. Lanthanide potential parameters.

Parameter Pr Eu Tb Ho Lu
B,
Ln-N 90194 78093 71584 66227 59662
Ln-C 67107 68970 69186 69842 69860
Ln-H 63262 64665 64651 64418 64761
Cy
Ln-N -10832 -9963 -9334 -8796 -8521
Ln-C -10000 -7786 9709 -9530 -7837
Ln-H -5118 -6265 -7651 -124 7767
o 1.76 1.44 1.33 122 1.04°
g +3.00 +3.00 +3.00 +3.00 +3.00

* Repulsion-dispersion parameter (kcal/mol A™®).
® Repulsion-dispersion parameter (kcal/mol A°).
° Site polarizability (A%) based on ref [222].

4 Atomic point charge (fraction of ¢).

¢ Estimated from trends provided in ref [222].

The structural, energetic and electronic properties of the minimum energy
Ln’*(CH;CN), > complexes obtained with the model potentials are listed in Table 6.2.2.1.
The model potentials accurately reproduce the various Ln-N interaction distances and
generate fair estimates of the minimum binding energies for the binary complexes.
However, the acetonitrile dipole moments are grossly overestimated by ~2-3 D with
respect to those obtained from our quantum chemistry calculations. However, the model
does reproduce the ability of the heavier lanthanide ions to induce larger solvent dipole
moments than the lighter ions. Similarly, the features of the trimer structures are
adequately reproduced by the model potentials, with the largest deviation in the
interaction distances being ~0.01 A with respect to the quantum chemistry estimates.
However, the N-Ln-N bond angles are not. Though the trend associated with the N-Ln-
N bond angle increasing across the series is reproduced, the extent to which the bond
breathing increases is not. For example, the difference between the N-Ln-N bond angles

in Pr’ +(CH3CN)2 and Lu3+(CH3CN)2 obtained from the quantum chemistry calculations is
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only 3.7° whereas this difference is approximately 10.5° according to the model
potentials. Additionally, the binding energies obtained with the model potential are
slightly overestimated for this cluster size, but by no more than a 3% error with respect to
the quantum chemistry calculations. Finally, the solvent molecular dipole moments in
the trimers are smaller than those predicted for the binary complex, as is the case in the
quantum chemistry calculations. This again reflects a decrease in the ion’s propensity to
polarize ligand molecules with cluster size because of the ion charge being screened by
the other ligands.
6.3.3. Monte Carlo Simulations

Monte Carlo simulations were used to investigate the thermodynamic and
structural properties of Ln’*(CH;CN), clusters at 300K. A random-walk approach was
used to generate new configurations by both randomly translating the acetonitrile
molecules in Cartesian space and rotating them about their Euler angles. The maximum
allowed translations were set to 0.25 A and the range of angular displacements was set to
25° which resulted in acceptance ratios between 35-45%. The resulting configurations
were accepted or rejected according to the Metropolis algorithm [190]. Since clusters are
being simulated and not a bulk liquid, no periodic boundary conditions were imposed on
the system. As a consequence, evaporation of the solvent molecules from the cluster was
closely monitored such that any solvent molecule detected beyond 20 and 40 A at cluster
sizes n < 36 and n = 36, respectively, was considered evaporated from the cluster.
Markov chains containing configurations with evaporated solvent molecules were
discarded from the overall sampling so as to define a representative, equilibrium

ensemble for a given cluster size. Periodic heating and cooling of the system was
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performed to avoid trapping in local minima of configurational space. In general, each
run entailed at least 1x10° configurations for equilibration, followed by an equal number
of steps for data collection.

Cluster enthalpies were calculated from the average energy <U> of the canonical

ensembles of configurations as
AH, = AU + A(PV) = (U)+nRT . 3.7.

Stepwise binding enthalpies, which represent the enthalpy gain associated with the

addition of one solvent molecule to the cluster, were calculated as
AH,,  =AH,-AH, . 3.8.

The structural properties of the clusters were analyzed in terms of a distance-dependent
coordination number N...-4(7), and its derivative, P(r), which is the normalized radial

probability distribution function:

choord(r) _ n4727'2g(r)

P(r)= =

3.9.

j A’ g(r)dr
0

It should be noted that P(r) differs from the radial distribution function g(#) used in liquid
structure theory by a factor of 4m° and it is normalized to the number of solvent
molecules in the cluster.
6.4. RESULTS AND DISCUSSION
6.4.1. Structural Data

Figure 6.4.1.1. contains representative Ln>*(CH;CN), clusters obtained from the
Monte Carlo simulations at room temperature. The ion is coordinated to acetonitrile by
the nitrogen atom and they are found in the interior of the cluster for each size studied.

This interior solvation shell structure is the result of the strong Ln-CH3CN interactions,
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Figure 6.4.1.1. Representative structures of Lu**(CH3CN), clusters obtained from room

temperature Monte Carlo simulations.
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which are far stronger (by orders of magnitude) than the CH3CN-CH3CN interaction
energies (cf. Table 6.2.2.1.) and the solvent molecules organize around the ion rather than
into a solvent dipole-bound network. As can be seen from the probability distribution
functions (PDFs) shown in Fig. 6.4.1.2., two prominent peaks representing the first and
second coordination shells are present at large n. At n = 36, the first coordination shell is
quite sharp and is located approximately 2.5-2.6 A away from the ion, whereas the
second coordination shell is fairly diffuse and is located at ~5.5 A. The locations of the
first coordination shells in our simulations are consistent with those found in the bulk
studies, whereas those of the second shell is at slightly shorter distances than what is
predicted by the Baaden model (6.0 A ) [57, 99]. The sharpness of the first peak in the
PDF implies that the solvent molecules are well ordered in the first coordination shell,
however, the second peak in the PDF is broad, indicating poor ordering of the second
coordination shell. This contrasts our previous studies of lanthanide ion-water clusters,
where long-range ordering of the solvent was suggested by the PDFs [97, 118]. This
difference can be explained by the fact that acetonitrile molecules do not form strong,
ordered hydrogen-bonded networks like water and that the acetonitrile molecules bind
less tightly than water to the Ln>* ion with increasing cluster size, most likely due to the
larger size of the acetonitrile molecule which results in larger first solvation shells. This
consequently results in weaker interactions between second coordination shell molecules
and the ion, thus leading to less ordering of the solvent. This would appear to be the case
since in large Ln3+(H20)n clusters, the second coordination shell is located at only 5 A
from the ion, i.e. 0.5 A closer than the second shell acetonitrile molecules. Furthermore,

broad distributions of solvent molecules in the second coordination shell have been
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observed in previous studies of Ln**(CH3CN),, Na'(CH;CN), and Cs'(CH:;CN),
clusters, and so this appears to be a feature inherent to most metal ion-acetonitrile clusters
[99, 125].

The average first-shell coordination number of the ion obtained from the PDFS of
lanthanide ion-solvent clusters at n < 24 are consistent with approximately 9 acetonitrile
molecules for all lanthanide ions. These are shown in Table 6.4.1.1. However, for n >
24, the first-shell coordination numbers gradually increase for the lighter ions, and the
typical trend associated with lanthanide ion bulk coordination across the series, that the
lighter ions bind more ligands than the heavier ones, is reproduced by cluster size 36.
The formation of the second coordination shell is obviously necessary for the cluster to
adopt a first coordination shell similar to that in the bulk. As opposed to the more
traditionally accepted 9-8 shift in coordination, the trend in acetonitrile clusters suggests
a 10- to 9-coordinate shift [57, 215]. Similar coordination numbers were reported by
Baaden ef al. and Kim [99, 216-218], however, it should be noted that only the
simulations presented here predict a net change of only one ligand, which is consistent
with the traditional shift in lanthanide ion coordination across the series. The second
coordination sphere contains approximately 10-12 molecules for n = 36, in good
agreement with the observations of Baaden e al. [99]. Finally, it should be noted that the
probability distribution function goes to zero between the peaks corresponding to the first
and second coordination shells, suggesting that no solvent molecule resides in between
the solvation shells and that any migration to or out of the first solvation shell is only
transient, in agreement with the low population of solvent in the interstitial region found

by Baaden et al. [99].
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able 0.4.1.1. AvErage 1rst-shell coordination numbers o n 3 ne
Table 6.4.1.1. A first-shell coordinati bers of Ln*(CH;CN)

n Baaden® Kim" Exp°
12 15 24 36
La** - - - - 9.8,9.9 12 9
Pr’* 9.0 9.2 9.8 10.0 - - 9
Eu** 9.0 9.0 9.9 9.5 9.1,92  10.0,9.6 9
Tb>* 9.0 9.0 9.5 9.4 - - -
Ho** 9.1 9.1 9.1 9.0 - - -
Lu** 9.0 9.0 9.0 9.0 - - -
Yb** - - - - 8.8, 8.7 8.3 6

2 Simulated data from both Ln**-acetonitrile solutions and Ln* (CH;CN);s clusters, taken from Ref. [99].
® Simulated data from Refs. [216-218]
¢ Bulk data obtained from crystalline Ln(CH;CN),(AIX,,)s, Refs. [57] and [215].

Table 6.4.1.2. Average first-shell coordination distances (A) for Ln**(CH;CN),.?

N Baaden® Kim® Exp?

12 15 24 36
La** - - - - 2.70,2.70 2.9 2.63
Pr** 2.62 2.64 2.67 2.70 - - 2.59
Eu®* 2.57 2.57 2.62 2.66 2.50 2.6,2.6 2.54

b 2.53 2.53 2.58 2.63 - - -
Ho** 2.50 2.51 2.52 2.58 - - -
Lu** 2.46 2.46 2.48 2.53 - - -
Yb** - - - - 2.30, 2.30 2.4 2.39

* Average lanthanide to nitrogen distances were obtained from Monte-Carlo simulations. The cut-off radius
for the first coordination shell was determined from the probability distribution functions in Fig. 6.4.1.2.

® Simulated data from both Ln**-acetonitrile solutions and Ln3+(CH3CN)15 clusters, taken from Ref. [99].

¢ Simulated data from Refs. [216-218].

4 Mean Ln-N distances obtained from crystalline Ln(CH;CN),(AIX)s, Refs. [57] and [215].

The average first-shell ion-acetonitrile coordination distances are listed in Table
6.4.1.2. as a function of cluster size. The ion-N distances increase with cluster size, as

would be expected on the basis an increased shielding of the Ln ion’s charge by the large
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number of solvent molecules in the first coordination shell. Furthermore, the ion-N
distances decrease across the lanthanide series, a feature consistent with the trends in
lanthanide ion-ligand binding described earlier. These distances at large cluster sizes are
slightly larger than those predicted by Baaden et al. for Ln**(CH3CN),s, as well as those
reported from crystallographic data and simulations of bulk solutions [57, 99, 215-218].
The Ln-N distances are expected to be larger in clusters than those obtained in the solid
state because of the lack of confinement in the cluster case.
6.4.2. Thermodynamic Data

The cluster enthalpies and the stepwise binding enthalpies of Ln**(CH;CN),
clusters for sizes n = 1-15 are shown in Fig. 6.4.2.1. The cluster enthalpies increase
rapidly for all lanthanide ion-acetonitrile clusters until a cluster size of approximately n =
15, at which point the enthalpy starts increasing linearly. This feature occurs at much
larger cluster sizes, n = ~36, in water clusters, because acetonitrile molecules residing
beyond the first coordination shell bind less tightly to the Ln** ion than do water
molecules in this region. The Ln**(CH3;CN), cluster enthalpies increase across the
lanthanide series. For instance, the cluster enthalpy for Pr3+(CH3CN)1 5 is -713.3 kcal/mol
whereas it is -796.4 kcal/mol for Lu3+(CH3CN)15. These values are consistent with the
range of binding enthalpies proposed by Baaden et al. for similar clusters [99]. For
example, the minimum cluster enthalpy predicted by the Baaden model for the
Eu’*(CH3CN);s cluster is -797 + 11 kcal/mol whereas our prediction is -738.2 + 3.6
kcal/mol. We believe that the estimates present in this work are more reliable since the

Baaden model does not account for the appropriate binding energies of small clusters.
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Figure 6.4.2.1. Ln*"(CH;CN), cluster thermodynamics a) Cluster binding enthalpy, b)
stepwise binding enthalpy and c¢) reduced cluster enthalpy vs. cluster size. The
experimental heat of vaporization of acetonitrile (-7.9 kcal/mol) is represented by a

dotted line [223]. All enthalpies are in kcal/mol.
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The stepwise binding enthalpies (Fig. 6.4.2.1.b) increase steadily for n = 1-9
before plateauing, reflecting the completion of the first coordination shell (see first-shell
coordination numbers of the Ln3+(CH3CN)12,15 clusters in Table 6.4.1.1.). The stepwise
binding enthalpies are largest for the heavier lanthanide ion-solvent clusters, which again
is consistent with the trends in ion-solvent interaction energies seen in Table 6.2.2.1.
Finally, this convergence occurs at an n much larger than those in Na'(CH3CN), and
Cs'(CH3CN), clusters [97, 118, 125]. This is a result of the stronger ion-solvent
interactions present in the lanthanide ion-solvent clusters compared to monovalent alkali
metal ion-acetonitrile clusters. For example, the Na'(CH;CN) binding enthalpy is only
approximately -20 to -30 kcal/mol, which is close to 5 times smaller than that of
Ln*"(CH;CN).

The stepwise binding enthalpies of Ho®"(CH;CN), and Ho*'(H,0), are shown in
Fig. 6.4.2.2. as a function of cluster size, in order to compare the thermodynamics
associated with the gradual solvation of the lanthanide ion. The stepwise binding
enthalpies of the small Ho>*(CH3CN), clusters are much larger in magnitude than those
of Ho**(H,0), clusters, mostly due to the stronger ion-acetonitrile interaction energies,
again attributed to greater polarization effects. But by cluster size 9, the size
corresponding to completion of the first coordination shell, the stepwise binding energies
become smaller in magnitude for the acetonitrile clusters than for the water clusters
[118]. This can be explained by the fact that the acetonitrile molecules are located further
away from the ion than water molecules in this same region.

As expected, the reduced cluster enthalpy converges towards the heat of

vaporization of acetonitrile (AHy,p = -7.9 kcal/mol) at large cluster sizes, but very slowly,

159



150

¢ + Acetonitrile
. m \Water
= 100 = °
O
5 *
g | ||
"'é = *
I [ 2
< 50 - s
| " .,
- *
4 [ ] . ] a ] .
* ¢ o 4 s c
O L 1 | 1 1 | i L 1 |
0 2 4 6 10 12 14 16
n

Figure 6.4.2.2. Stepwise binding enthalpy vs. cluster size for Ho’*(CH;CN), and

Ho® *(H,0); clusters (n = 1-15). All enthalpies are in kcal/mol.

160



as shown in Fig. 6.4.2.1.c [223]. The reduced binding enthalpy decreases to an average
of -25 kcal/mol for n = 36 for each of the lanthanide ion-acetonitrile clusters studied. In
principle, the reduced binding enthalpy should underestimate the heat of vaporization of
acetonitrile at the large cluster limit, because of cluster edge effects. A simple,
exponential extrapolation of the reduced binding enthalpy suggests that convergence
occurs for the heat of vaporization at approximately n = 52, a value far smaller than that
found for Ln**(H,0), clusters (n > 128) [27]. Again, this reflects the weaker ion-solvent
and solvent-solvent interactions beyond the first coordination shell in an’"L(CHg,CN)n
clusters.
6.5. CONCLUSIONS

Model potentials were developed to study the properties of Ln**(CH3CN),
clusters, in order to gain insight into the stability of multivalent clusters under
experimental conditions. These model potentials were parameterized to the structural,
energetic and electronic properties of small Ln**(CH;CN), model systems and were later
used to propagate the simulations of larger clusters using Monte Carlo techniques. These
simulations made use of a recently developed model for gas-phase acetonitrile and so this
work also serves as a means of determining the effectiveness of this model in the
simulating the behaviour of acetonitrile molecules in ion-solvent cluster simulations.

The cluster enthalpies of Ln**(CH3;CN), predicted by the simulations are found to
be large and negative, and much larger than those of simple monovalent ion-acetonitrile
clusters, such as Na)'(CH3CN)n which are known to form stable species. Thus the results

suggest that Ln*"(CH3CN), clusters can be formed as stable species in the absence of
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heterolytic cleavage and both proton and electron transfer processes, as would be the case
under ‘gentle’ spray conditions.

The model potentials developed in this work and the simulations reproduce many
of the trends associated with the subset of lanthanide ions considered in this work. For
instance, the stepwise binding enthalpies are strongest for the heavier lanthanide ion-
acetonitrile clusters, as would be expected on the basis of the higher charge:size ratios of
these ions. For small cluster sizes, the cluster enthalpy is influenced predominantly by
strong ion-solvent interactions, while in large clusters these interactions are far less
predominant beyond the first coordination shell. It must be stressed that the stepwise
binding enthalpies determined with the model potentials are quantities that have yet to be
determined experimentally and thus these results can serve as benchmarks for future
experimentation. Using a similar simulation protocol, the thermodynamics associated
with several other metal and halide ion-solvent clusters have been reproduced [125, 128,
130].

Also of interest is the convergence of cluster properties to bulk-like values at
large cluster sizes. The probability distribution functions (PDF) indicate a clear ion
solvation shell structure at large n. The lanthanide ions seem to influence the ordering of
the acetonitrile solvent molecules effectively beyond the first coordination shell, but not
to the same extent as in water-based clusters. At large cluster sizes, the positions of the
first and second coordination shells in our simulations of Ln3+(CH3CN)n clusters are
similar to those reported in other cluster simulations [99]. At large cluster sizes, the first-
shell coordination numbers are 10 for the light ions and 9 for the heavier ions, which is

consistent with what has been reported in other simulations. However, only our model
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reproduces the traditional shift of only one coordinating ligand across the lanthanide
series. With respect to cluster thermodynamics, the reduced cluster binding enthalpies
slowly approach the heat of vaporization of bulk acetonitrile with increasing cluster size,
converging at cluster size n = 52, which is much larger than what is observed for other
ion-acetonitrile clusters because of the larger ion-solvent interaction energies.

It must be noted that cluster properties converge to bulk-like values very
differently in Ln**(H,0), and Ln*’(CH;CN), clusters. In summary, coordination
numbers and thermodynamic properties of Ln**(CH3CN), clusters converge to bulk-like
values at cluster sizes that are more than twice as small as those obtained for Ln**(H,0),
clusters. For example, bulk-like first shell coordination numbers are obtained at size n =
64 in Ln’*(H;0), clusters, whereas this occurs at n = 24 in Ln**(CH3;CN), clusters. In
addition, the heat of vaporization of water is only achieved at n = 128 for Ln**(H,0),
clusters, which is in sharp contrast to what occurs in acetonitrile clusters. This is again
due to the fact that acetonitrile molecules beyond the first coordination shell do not bind
as tightly to the central ion as do water molecules, nor do they form strong hydrogen-
bonded networks in this region.

Immediate future work will involve parameterizing the remaining set of
lanthanide ions and determining whether or not the same trends across the lanthanide ion
series will be conserved for other ions. Additionally, a thorough quantum chemistry
analysis of the bonding interactions present in Ln®>"(CH3CN), clusters, akin to what we
have performed previously for water-based clusters, may provide insight into their cluster

reduction mechanisms at small cluster sizes [91, 117].
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AUTHOR’S NOTE AND SIGNIFICANCE OF PAPER TO THESIS

This paper served several purposes. First, it aided us in determining whether or
not similar cluster-to-bulk transitions observed in Ln**(H,0), clusters could occur in
other lanthanide ion-solvent clusters. This appears to be the case, but progression from
cluster to bulk properties is clearly dependent on the nature of the ion-solvent
interactions. Second, this paper provided insight into the structural and thermodynamic
properties of Ln**(CH3CN), clusters, which have yet to be determined experimentally.
These clusters appear to be stable and exhibit similar structural features to those observed
in water-based clusters. Finally, the study of Ln>*(CH3CN), clusters provides an ideal
means for characterizing interactions between Ln>* ions and N-donor ligands. These
findings can be extended to the modeling of other environments where lanthanide ions

are ligated to nitrogen atoms, such as in protein metal-binding sites.
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CHAPTER 7

7.1. CONCLUSIONS

The primary goal of this thesis was to characterize the structural, electronic and

thermodynamic properties of Ln**(solvent), clusters using a vast array of quantum
yn prop y q

chemistry and statistical mechanics techniques, with the ultimate purpose of identifying

the fundamental interactions that govern lanthanide ion-ligand interactions and the

possible transition from cluster to bulk properties. From each of the preceding chapters,

one can conclude that:

In both lanthanide ion-water and acetonitrile clusters, the metal to solvent
bonding is predominantly electrostatic. This character was demonstrated for
small, Ln’"(H,0), complexes using a combination of structural, atomic point
charge, Natural Bond Orbital (NBO), Electron Localization Function (ELF)
and Atoms-in-Molecules (AIM) analyses, and for Ln**(CHsCN), clusters
using only structural and atomic point charge distribution analysis.
Furthermore, a significant amount of charge transfer from the solvent to the
lanthanide ion was found to occur upon complexation, the extent of which
depends on the hardness of the ligating atom (nitrogen in acetonitrile versus
oxygen in water). The predominant feature in Ln**-solvent bonding was
found to arise from the mutual polarization of the ion and the solvent, which
governs the cluster structure.

The coordination structure around the lanthanide ions depends on numerous
factors. These include the strength of the ion-solvent interactions, the strength

of the solvent-solvent interactions, the cluster size and most importantly, the
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charge:size ratio of the ion. The ‘S-shaped trend’ in Ln*" ion coordination
numbers that is observed experimentally was reproduced by our simulations.

- Ln*(H,0), clusters are predicted to be only metastable species, and thus
should not be detected experimentally at small cluster sizes, n < 9, due to
energetically favourable, intracluster deprotonation processes, which compete
with single ligand loss from the cluster. Depending on the cluster size, it
dissociates via one or two-step mechanisms, the latter making use of a salt-
bridge intermediate arising from the exchange of a proton between a first and
second-shell water molecule.

- Model potentials parameterized for Ln**(solvent), clusters do reproduce bulk-
like properties at large cluster sizes. Such properties include the solvation
shell structure inferred by the radial probability distribution functions, first
and second-shell coordination numbers and trends in ion-ligand distances.
Therefore, Ln3+(solvent)n clusters may serve as good models for the bulk, and
model potentials developed for small, Ln*"(H,0), clusters may be used to
simulate the properties of larger clusters or even bulk solvation.

- Finally, the thermodynamic properties of Ln**(solvent), clusters predicted in
this work have yet to be determined experimentally. Our results may prove to
be useful benchmarks for future experimentation in this field.

7.2 FUTURE WORK

As discussed earlier, assessing the effects of cluster size on the deprotonation

processes is of particular importance. Characterizing stationary points for clusters of

increasing size with quantum chemistry calculations may turn out to be a daunting task;
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one may instead employ biased ab initio molecular dynamics to simulate such reactions.
In this approach, the atomic motion is propagated using a molecular dynamics routine
guided by the forces calculated from single-point quantum chemistry calculations at each
time step, which makes it very computationally expensive. The deprotonation process
could not be monitored with simulations employing our model potentials, since the latter
make use of a rigid water model that does not account for water deprotonation. This
could potentially be done using a variety of hybrid methods. One avenue would be to use
Atom-centered Density Matrix Propagation methods which are easily amenable to
density function theory (DFT)-based calculations [224-226]. One might also consider
semi-empirical DFT models such as the Self-Consistent Charge Density-Functional Tight
Binding (SCC-DFTB) method, which is computationally very efficient [226, 227].
However, these methods have yet to be developed for lanthanide-based systems. This
work would be instrumental in confirming the cluster sizes at which deprotonation stops
being the most favourable pathway and stable clusters can be observed experimentally, as
reported by Bush et al. in a very recent paper (June 2006) [92].

Similar to the work on Ln3+(H20)n clusters, a thorough assessment of the
electronic properties of Ln**(CH3;CN), clusters using NBO, ELF and AIM analyses is
required to properly determine whether or not covalent bonding plays a role in the ion-
acetonitrile interactions. We note, however, that it is unlikely that this is the case
considering that several MY (H,0), complexes have similar cluster binding energies to
those found for Ln**(CH3CN), clusters that the ion-solvent distances are similar for both

types of clusters, and that the ion-water bonds in these clusters did not possess any
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significant covalent character. This study may also lend insight into potential cluster
reduction mechanisms for this system.

Other future work would involve the determination of the spectroscopic properties
of Ln®" jons in water and acetonitrile clusters. As one of the central goals of the
Capobianco group is to determine the spectroscopic properties of Ln>* ions in a variety of
different host environments, it should be established 1) whether the model potentials are
capable of producing an ensemble of large clusters whose structures result in the
electronic transitions of Ln®" ions observed in bulk solution and 2) how the ion’s spectra
evolves with cluster size. Given that Eu>" has a simple set of energy levels, initial
development of the spectroscopic model should be geared towards reproducing spectra in
large solvent clusters. As it stands, we are currently modifying versions of the
BNMGENE and SPECTRO programs developed by Stéphane Chaussedent at
I’Université d’Angers such that it can be coupled to a home-grown program called
SPECTRA?2 [199, 200, 228]. The first two programs produce the necessary crystal field
parameters and ultimately the Stark levels and transition probabilities, whereas the last
program calculates line intensities, crystal field strength and produces the spectral
envelope. Once the program is capable of reproducing bulk-like spectra for large
Ln*(solvent), clusters, the spectral properties of smaller clusters can then be
characterized.

It should be noted that the BNMGENE program is based on a simple point-charge
model and as such only accounts for perturbations to the electronic levels of lanthanide
ions arising from a field of point charges [52, 68, 229]. However, our studies have shown

that polarization is an important component of the lanthanide ion-ligand interaction, and
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so modification of the BNMGENE program so as to include multipolar effects is
necessary. This modification may enhance the overall predictions of the electronic
energy levels of the Ln>" ion in clusters, and likely in other environments.

Future work may involve the modelling of more complex environments, such as
nanocrystals, sol-gels and proteins where the ion-solvent cluster parameters can provide
insight into the treatment of Ln*"-0 or Ln**-N interactions, particularly within the first
coordination shell and in the immediate environment. In the case of water, the OPCS
model can be used to account for the effects of hydration on spectroscopic properties. In
the case of nanocrystals and sol-gels, it is well-documented that water is often trapped in
these materials during their synthesis or is adsorbed to their surface post-synthesis, and
the strong vibrational modes of water thus decrease their overall luminescence [84, 85].
Additionally, water often acts as a coordinating ligand in the metal-binding sites of
proteins [65]. In all three cases, the metal-binding site is a self-contained environment
and so the OPCS model may yield improved structural and spectroscopic properties of
these various materials/complexes, compared to what may be obtained using other water
models designed for liquid or solution studies, since this environment is cluster-like.

Finally, to test the range of applicability of the water and acetonitrile models,
liquid simulations should be performed to assess whether or not bulk liquid properties
can be reproduced. Interestingly, it has recently been shown that highly polarizable ions
can accumulate at the air-water interface, a finding that is in sharp contrast to what has
been traditionally believed about the solvation of ions in solution [230, 231]. Using
liquid simulations with our recently developed model potentials, we could potentially

predict the behaviour of Ln** ions at such an interface and correlate our findings with
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what has been obtained from first sum frequency generation experiments [230, 231].
One means of doing so is by implementing our model potential into the TINKER
software package, which already possesses a framework for performing liquid

simulations [232].
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