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Abstract 

Polyoxometalates (POMs) are a wide family of anionic inorganic clusters with 

very interesting properties and applications. POMs are composed of a variable 

number of metal-oxygen units. The metal centres are usually transition metal 

atoms in their highest oxidation state (MoVI, WVI, VV, etc.). Such transition metal 

atoms can be coordinated in different ways, which give rise to a huge variety of 

geometrical structures with an increasing number of metal centres: from the 

smallest Lindqvist anions, with six metal centres, to the Giant 

Polyoxometalates, with hundreds of atoms and a nanometric size. Among those 

called Giant POMs, a family of icosahedral symmetric molecules, the so-called 

Keplerates, is unique. Keplerates are composed of two main type of building 

blocks, namely, pentagonal and linker units, resulting on a quasi-spherical 

capsule with a fullerene-like structure and 20 hexagonal pores. The most 

representative example of Keplerates is the Mo132 capsule, in which this Thesis 

is focused. Several bidentate ligands have been reported to be coordinated to 

the linker units, thus modifying the capsule properties such as the charge and 

the hydrophobic/hydrophilic character of the inner surface. The present Thesis 

has as main objective the application of modern computational methods to the 

study of different properties of Keplerates. Both electronic structure properties 

in one hand, and aqueous solution dynamic properties in the other hand, have 

been analysed. 

First chapter aims at introducing POMs in terms of general properties and 

structures, and particularly, the Keplerate family, highlighting their relevance in 

Chemistry because of their interesting applications. Moreover, Chapter 1 also 

includes the general objectives of this Thesis. Specific objectives are included 

too at the beginning of each chapter. Second chapter describes the theoretical 

background on which this Thesis relies. Firstly, the basic concepts of Density 

Functional Theory (DFT) are summarised. Then follows a description of the 

main characteristics of classical Molecular Dynamics (MD) methods. Moreover, 

this chapter also includes details about the calculation of parameters required 

to perform MD simulations of Keplerates in aqueous solution. The optimal 

electron density of the Mo132 molecule obtained by means of DFT was used to 
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assign point charges to atomic positions in order to carry out Molecular 

Dynamics in the presence of different types of cationic species. Charge is not an 

observable from a quantum mechanics point of view, so different models for 

charge assignment were tested in order to choose the one that better 

reproduces experimental observations.  

Chapter 3 presents a systematic study of the Keplerate family, regarding its 

electronic structure. Besides the Mo132 capsule, several variants on its 

composition have also been analysed, as some molybdenum atoms can be 

substituted by tungsten atoms (W72Mo60), and some oxygen sites can be also 

occupied by sulphur atoms ((µ-O) or (µ-S) systems). Such composition 

variations have been studied in terms of their electronic structure and, 

particularly, regarding their HOMO-LUMO gaps. The presence of different 

internal ligands and coordination water molecules has also been considered. 

Indeed, Chapter 4 is focused on the interaction of the Mo132 macro-ion and its 

30 inner ligands. Different bidentate species have considered as decoration of 

the inner surface of the Mo132 cavity. This analysis has been carried out using 

different models for the Mo132 cluster. Moreover, decomposition of the 

bonding energy between the ligands and the capsule has been achieved using a 

fragment analysis approach. The relevance of the different energetic 

contribution (steric, orbital interaction and solvation) for each case has been 

highlighted. 

Chapter 5 collects the results of regarding the Mo132 formation mechanism, 

basically centred in Raman spectra calculations. This chapter presents our 

contribution to a collaboration with the Quantum Chemistry group of the 

University Rovira i Virgili (Tarragona, Spain) and the Eco-Friendly Applied 

Materials Laboratory of the Indian Institute of Science Education and Research 

(Kolkata, India). Theoretical results have been compared with experimental 

Raman analysis in order to shed some light on how the building blocks 

assemble to generate a quasi-spherical capsule as Mo132. 

Chapter 6 collects a series of analysis on the interaction in aqueous solution of 

the Mo132 cluster with water molecules and a set of cationic species by means 

of classical Molecular Dynamics. In addition, the effect of temperature on such 

interactions has also been studied. Chapter 7 is also related to the interaction 

between the Mo132 Keplerate and organic cations in aqueous solution, but in 
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this case we focused on the effect that the hydrophobic character of the 

cations could have on such interactions. This chapter collects our contribution 

to collaboration with the group of Molecular Solids of the Institute Lavoisier 

(University of Versailles-Saint Quentin, France). Our Molecular Dynamics results 

have been compared with experimental observations, resulting in a very good 

agreement. 

Finally, Chapter 8 aims at summarizing the main conclusions of this Thesis since 

the specific conclusions are included at the end of each chapter. 
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1.1 - Introduction 

In the last century, the capacity and potential of computers have increased 

significantly. The Turing Machine1 proposed by Alan Turing in 1936 laid the 

foundations of modern programmable computers.  In the 20th century, the 

computational power has exponentially increased from computers with few 

processors to the actual supercomputers with hundreds of processors. Such 

availability on computing power allows an enormous presence in scientific 

fields such as Physics and Chemistry, as seen nowadays. Computer simulations 

are thus in silico experiments that reproduce physico-chemical properties of 

the systems as the real experiments are able to measure. The accuracy of these 

predictions of reality relays on the capacity of the models to provide sufficiently 

quantitative results. Therefore, such theoretical experiments are widely used to 

complement experimental observations, but their most genuine interest is to 

provide estimates of physico-chemical properties under conditions that are 

hard to achieve experimentally.  

There is a huge variety of computational methods, depending on the size of the 

system but also on the time-scale of the phenomenon of interest, whether 

equilibrium conditions or dynamic properties are pursued. In this Thesis 

quantum and classical computational approaches are combined in order to 

study structural and dynamic properties of polyoxometalates: the well-known 

Keplerate family.  

Polyoxometalates (POMs) are anionic inorganic metal oxide clusters composed 

of MOn units. M atoms are referred to as addenda atoms, while the O stands 

for oxygen atoms, and n represents the coordination state of the M atom. 

Addenda atoms are usually transition metal atoms in their highest oxidation 

state, namely MoVI, WVI, VV, etc. Isopolyoxoanions are POMs in which only M 

and O elements are present. When other elements are also introduced, the so-

called heteroatoms, POMs are referred to as heteropolyoxoanions.  

The type of coordination in the MOn units depends on various factors: charge, 

ionic radii, and ability to form metal-oxygen (or other ligands) bond. POMs 

present four main types of coordination modes for the MOn units (Figure 1.1):  
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the tetrahedral MO4, the square pyramid MO5, the octahedral MO6 and the 

pentagonal dipyramid MO7. The n=4 and n=7 forms are the less common 

coordination modes, while the most frequent basic unit found in POMs is the 

octahedral MO6. The Lindqvist anion is an example of POM with only MO6 units. 

Usually, different types of coordination for the metal atoms are present in POM 

molecules. The combination of different coordination modes, together with the 

use of different metal species, give rise to a huge variety of POM structures 

with many different and interesting properties: from the smallest Lindqvist and 

Anderson anions (Figure 1.2), with only 6 metal centres, to the largest members 

of the family, the so-called Giant POMs, with hundreds of atoms (Figure 1.3).  

Among the Giant POMs, Keplerates are a family of nanocapsules with 

icosahedral symmetry. They are composed of two main types of building 

blocks, namely, pentagons and linkers, which result on buckyball-like structure 

with a hollow centre and with 20 hexagonal pores homogeneously distributed. 

The size of both, the pores and the cavity, depends on whether one has 

monomers or dimers as linkers (Figure 1.4). Particularly, this Thesis is addressed 

to the computational study of the particular case of Keplerates with dimeric 

linkers, such as the Mo132.  

 

Figure 1.1: Examples of MOn units. Blue polyhedral highlight the unit geometrical shape and red 
balls stand for oxygen atoms. a) MO4 b) MO5 c) MO6 d) MO7 

 

Figure 1.2: Examples of the smallest members of the POM family. M is the number of metal 
centres. MO6 units are represented by blue polyhedra, while heteroatoms are represented by 
orange polyhedra. This figure was published in Chemical Society Reviews in 2012.

2
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Figure 1.3: Examples of Giant POMs: a) Front and side view of polyhedra representation of the 
Mo176 and Mo154 clusters. b) Polyhedra representation of the formation of the Mo258 cluster from 
the Mo176 wheel (left), highlighting the size of its inner cavity (right). c) Polyhedra representation 
of Mo368. The colour code for a, b and c goes as follows: yellow polyhedra for the Mo monomers, 
red for the dimers, blue for the pentagons with the central unit highlighted on light blue, and 
green polyhedra for the equivalent unit of Mo36. These schemes are reproductions from 
publications on Angewandte Chemie International Edition

3
, Nature

4
, and Angewandte Chemie

5
 

for a, b, and c respectively. 

The name Mo132 refers to the [{MoVI(MoVI
5O21)}o12{MoV

2O4(L
n-)}30]

(12+30n)- 

molecule. Synthesised for the first time by Müller in 1998,6 this molecule is 

composed of 12 pentagonal units {MoVI(MoVI
5O21)},  and 30 dimeric linkers 

{MoV
2O4} (blue and red polyhedra in Figure 1.4 left, respectively). There is a 

variety of bidentate ligands (L) that can be coordinated to the linker units. The 

presence of such internal ligands changes the total charge of the system, but 

also modifies properties of the cavity, such as its size and the 

hydrophobic/hydrophilic character of the inner surface, among others. The 

relevance of the Mo132 nanocapsule has increased in recent years due to its 
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particular characteristics. The Mo132 pores size allows the exchange with the 

external environment of small cations7 but also of larger anions,8 allowing a 

certain look on the Mo132 nanocapsule as an artificial cell.9 Moreover, Mo132 has 

been used as a nanoreactor for catalytic applications.10 Different projects on 

catalytic mechanisms related to the Mo132 activity have been theoretically 

carried out using the Density Functional Theory (DFT).11 Furthermore, the 

analysis of the behaviour of water encapsulated in Mo132 has also been carried 

out.12 Confined water molecules in Mo132 form concentric layer structures, 

whose dynamics have been analysed by means of classical Molecular Dynamics 

(MD) simulations, achieving accurate results when compared with experiments.  

Recently, Mo132 has also been used in biological applications, as the inhibition 

of peptides aggregation related with Alzheimer's disease.13 More applications 

are expected to see the light in the near future. 

 

Figure 1.4: Polyhedra representation of two types of Keplerates with dimers (Mo132) and with 
monomers (Mo72Fe30) as linkers. The building blocks have been represented with different 
colours: blue for the pentagonal units (with the central metal site in light blue) and red and 
yellow for the Mo132 and Mo72Fe30 linkers. This figure is a reproduction from Coordination 
Chemistry Reviews.

14
 

From a methodological point of view, DFT calculations and classical MD 

simulations are the main computational methods used throughout this Thesis. 

DFT stems from the quantum nature of the system and provides its electronic 

properties. DFT has been widely applied on the field of Computational 

Chemistry in order to study the structure and reactivity of an overwhelming 

variety of systems. Particularly, DFT has demonstrate a high accuracy regarding 

the POM properties.15 Nevertheless, long time, many-body properties, such as 

diffusion or interactions with solvent, which involve a large number of atoms, 
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cannot be studied from first principles because of the unaffordable 

computational cost. This is the case for liquid properties, in which, usually, 

quantum effects are not expected to play a key role and thus a classical 

approach is suitable. In this context, classical Molecular Dynamic simulations 

have been demonstrated to be a very efficient tool because these permit the 

study of liquid properties under a very wide range of conditions, including 

those that are hard to obtain experimentally. The use of MD techniques to the 

study of POMs in solution is also widely extended nowadays. For instance, the 

properties of confined water inside Mo132 cavities have been analysed.12 

Sometimes, both DFT and MD methods are complementary used in subsequent 

steps in order to solve a given problem,16 from which scarce or inexistent 

microscopic data exists. This is the overall approach followed in this Thesis, in 

which information obtained by means of DFT is later used to perform MD 

simulations in order to shed some light on the behaviour of Mo132 in aqueous 

solution.  

1.2 - Polyoxometalates 

Polyoxometalates (POMs) stand for a unique and ever growing family of 

inorganic anionic molecules with highly symmetric architectures composed of a 

variable number of metal centres connected through a network of bridging and 

terminal oxygen atoms, hydroxo and/or peroxo ligands. To date, the majority of 

known POMs contain Mo, W, V, Nb, and Ta or mixtures of these as framework 

elements,17 though new compounds with actinide elements (U, Th, Np) have 

been recently discovered,18 and only few examples of late transition metals 

POMs, containing Pd19 and Au19b, 20, have been reported. POMs present an 

overwhelming amount of diversity in their structures and shapes since nearly 

all of the elements of the periodic table can been incorporated into a POM 

framework by the inclusion of coordination addenda and/or molecular grafting, 

thus enabling a chemical tuning of their properties and their functionalization 

towards hybrid organic/inorganic molecular systems,21 or extended systems 

such as those known as polyoxometalate metal-organic frameworks 

(POMOFs).22 These features make POMs highly versatile systems that display a 

broad range of outstanding properties, which span from applications in 
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sensing23 and magnetic resonance imaging;24 and from energy storage 

systems25 to dye-sensitised solar cells26 and to spintronics.27 

The high oxidation states of the metal centres, Lewis acidity and anionic 

charges also renders POMs as prime candidates for catalytic uses be it in the 

synthesis of fine chemicals or in large scale industrial applications.28 Since small 

molybdate oxo clusters are also present in living organisms,29 it is not surprising 

that some POMs are biocompatible, with applications in medicine.30 Indeed 

some of them display anti-viral,31 anti-tumoral32 and anti-diabetic33 properties 

and are active against peptide aggregation13 (associated with Alzheimer’s 

disease). Therefore, POM based materials occupy a prominent position in the 

way to meet the demands of our society regarding green technologies, optimal 

use of resources, health, environment, energy, and information technologies, 

among others. 

The biggest advantage of POMs chemistry is their simplicity, since synthetic 

reactions are often performed in open-air aqueous solution under careful 

control of the pH, ionic strength, and selection of counter-ions and templating 

ions. Polyoxo-tungstates, -molybdates, and -vanadates are synthesised in acidic 

aqueous solution, whereas polyoxo-niobates, -tantalates and 

polyperoxouranates are synthesised in a basic aqueous media. Starting from 

the corresponding mononuclear salts, slow and controlled pH variations can 

push the hydrolysis and condensation processes further, which result in cluster 

formation. Experimentalists refer to concepts such as “dynamic libraries” of 

interconverting building blocks34 to explain the formation of these complex 

structures - analogous to synthons in organic chemistry. The molecular details 

of the processes that give rise to the assembly of very large clusters are still 

shrouded in obscurity, although the use of ESI-MS techniques recently enabled 

to enlighten some issues.35 On the other hand, ab-initio molecular dynamics 

simulations can provide atomistic details of the fundamental steps of the 

growth processes of the smallest clusters.36 Unfortunately, due to the huge 

computational cost, this type of studies is still scarce.  

Theoretical and computational methods have been successfully applied to 

study the structure, electronic properties, spectroscopy and reactivity of POM 

clusters. The progress achieved during the past decade has been spectacular, 

although some big challenges remain. From a computational point of view, 
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carrying out calculations and simulations on this sort of systems at a well-

defined pH is not a trivial task, nor is it clear how to define this pH unless 

simulations taking into account a fairly large number of water molecules are 

performed.37 A new approach to overcome this big issue is the development of 

parameters to carry out molecular dynamics simulations using reactive force 

fields, as it has been applied to polyoxoniobates.38 

In a broader scope, dealing with ionic salts in water using computational 

methods is now a hot topic that is attracting great interest.39 Atomic and 

molecular level ion-pairing and acid-base behaviour in aqueous systems control 

important phenomena in both synthetic and natural systems. These include 

self-assembly and precipitation of ionic solids, electron-transfer reactions, 

separation chemistries, and growth of complex and novel forms of materials 

and lattices. In the geosphere, these processes include mineral growth and 

dissolution, surface adsorption and desorption, colloid formation and 

contaminant transport, and coupled chemical-electrochemical reactions. In 

living systems, charge-transport is also intimately tied with the behaviour of 

metal cations and oxo-anions. Furthermore, synthetic materials expected to 

function in our oxygen and water rich environment are guaranteed to be stable 

if synthesised in similar environments. Water is the universal solvent of choice 

for industrial syntheses. But the behaviour of aqueous systems is complex, 

dynamic, and often unpredictable. This arises in part from the fact that the 

solvent (H2O) plays the role of metal ligand, in the form of O2- or OH-, and 

multiple chemical equilibria take place simultaneously. For a more deliberate 

approach aiming at obtaining functional materials from water, there is a 

pressing need to understand the many factors that drive self-assembly. Group 

V/VI polyoxometalates, as outlined above, provide a unique opportunity to 

understand ion-pairing and associated aqueous phenomena.  
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1.3 - Keplerates 

During the last decade, POM chemistry enabled growing impressive new giant 

molecular metal oxide nanostructures. In some cases, the shape of the POM 

framework is such that it forms inner cavities, which are usually filled with 

other molecular species. These two characteristics are found in the unique 

family of compounds known as Keplerates, which are spherical capsules that 

can assemble either 102 or 132 metal atoms (Figure 1.4).14, 34, 40 The first and 

most relevant member of this family is known as Mo132 (Figure 1.4, left; Figure 

1.5) and it was discovered by Müller and co-workers in 1998.6 With general 

formula [(MoVI(MoVI)5O21(H2O)6)12(MoV
2(µ-O)2O2(L

n-))30]
(12+n)-, where Ln- is a 

bridging anionic ligand, the sphere is highly negatively charged, holding a 

charge of -42 for monovalent anions (L-) and -72 for divalent anionic ligands   

(L2-). This sort of capsule thus is built from twelve pentagonal Mo(Mo)5O21 units, 

which are placed at the vertices of an icosahedron and contain MoVI atoms. 

These units are connected by (Mo2(µ-O)2O2(L
n-) dimers or linkers, holding MoV 

atoms thus thirty of these units are needed to complete the spherical capsule. 

This building blocks combination is highlighted on Figure 1.5. In a simplified 

notation, we will address this species as Mo72Mo60, or Mo132 for short.  As we 

will see below, Keplerates family incorporates nowadays both Mo and W as 

elements constituting the pentagonal units, although Mo, Fe, V, and Cr atoms 

can be incorporated as linkers. Moreover, the L anionic ligands can be 

carboxylate type ligands, but also sulphate and other bridging groups. The size 

and the charge of the capsule, and also the size and chemical nature of the 

inner cavity can thus be fine tuned by chemical modification. 

Since the initial synthesis of Mo132, Müller and coworkers noticed that other 

combinations of pentagons and linkers could be possible, and readily 

discovered Mo72Fe30 (Figure 1.4, right),41 a Keplerate with Mo(Mo)5 pentagonal 

units and FeIII as linkers. The concept of building blocks was firstly used in a 

paper of the same group, where they reported a related Mo75V20 capsule.42 The 

Mo102 Keplerate was Synthesised next,43 which is formally the Mo72Mo30 

Keplerate, by incorporating MoO3- groups as linkers. Using the same strategy, 

the Mo72V30 containing VIVO units as linkers44 and the Mo72Cr30 with CrIII linkers45 

were synthesised in recent years. The next advance was the ability to generate 

pentagonal units with W atoms, i.e., W(W)5 building blocks, that were 
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assembled using both dimeric and monoatomic linkers. Thus, the     W72Mo60 
46 

and W72Fe30 
47

 were described.  

 

Figure 1.5: Polyhedral representation of the Mo132 geometry (left) with formate groups acting as 
ligands, in which the two main types of building blocks have been highlighted: blue for the 
pentagonal units and red for the linkers. In addition, some composition variants in the pentagons 
and in the linkers that give rise to other Mo132-like systems have been indicated together with the 
two main types of building blocks (right). 

Further chemical synthesis enabled changing the MoV
2(µ-O)2O2 linkers by 

sulphur bridged MoV
2(µ-S)2O2  units, so the equivalent W72Mo60(µ-S)2

 41 and 

Mo132(µ-S)2
 

42 Keplerates were obtained (Figure 1.5, right). It is worth 

mentioning that in this last case reported by the group of Molecular Solids of 

the Institute Lavoisier (University of Versailles-Saint Quentin, France) led by 

Cadot, a cubic cluster was obtained under slightly different experimental 

conditions, in which triangular six member units were formed instead of 

pentagons. A further step towards chemical tuning of Keplerates’ properties 

consisted of using a mixed oxo-sulfur linker, such as MoV
2(µ-O)(µ-S)O2 which 

was introduced in a W72Mo60 cluster.43 Note that the full tungsten analog W132 

remains elusive till now, as well as mixed W/Mo pentagonal units. Our group 

reported the first electronic structure study using DFT based methods on Mo132 

and W72Mo60 systems.44 This Thesis aims at exploring the electronic structure of 

the whole Keplerate family and predict the stability of not yet reported 

systems. 
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The concept of dynamic library of fragments, i.e., pentagons and linkers, which 

condense and self-assemble to obtain the most symmetrical structure has been 

demonstrated by the facts just exposed above, but also by some studies 

adressing this issue specifically. Thus, Roy detected in 2007 Mo116 species which 

are incomplete Mo132 capsules.45 Moreover,46 Schäffer proved that deliberate 

addition of linkers in a dynamic library resulted in the ready assembly of the 

Mo132 capsule. However, the mechanism of formation is not known in detail. 

Understanding how the reaction conditions affect the nature of the building 

blocks and the assembly processes is thus of capital importance. This issue has 

been addressed in this Thesis in collaboration with Roy’s experimental group. 

The structure of Mo132 capsules displays twenty pores homogeneously 

distributed in the sphere surface and forms therefore an open cavity where a 

large quantity of water molecules, cations or other species can be confined in. 

Note that the cavity is large enough to encapsulate a Keggin anion [XM12O40], as 

that found for instance in PMo12@Mo72Fe30.
47 Indeed, the fact that the capsules 

are not empty was precisely realised from the very beginning. Actually, after 

characterizing the structure Mo132 framework, the X-ray structure of 

encapsulated water molecules was unravelled in the form of water clusters 

structured in layers.48 It took four years to synthesise suitable crystals that 

enabled full X-ray characterization of those encapsulated water molecules. In 

the case of mixed sulphate/hypophosphite ligands, a perfectly structured 

(H2O)100 cluster was revealed.49 In other cases, the presence of counter-cations, 

such as NH4
+, inside the capsule affected both the number of encapsulated 

water molecules and their structure.50 More recently, the presence of butyrate 

groups as ligands enabled the characterization of a (H2O)20 cluster in W72Mo60 

capsules,51 which emphasizes the importance of hydrophobic effects in water 

clustering. For Mo72Fe30, Mo72Cr30 and Mo72V30 Faraone and co-workers carried 

out quasielastic neutron scattering experimental studies that revealed different 

behaviour of the encapsulated water.52 Our group, in collaboration with Müller 

(University of Bielefeld, Germany), have largely contributed to understand the 

effect that confinement in Mo132 nanocapsules induces in the structure and 

dynamic behaviour of encapsulated water molecules, and reproduced those 

effects by means of molecular dynamics simulations (Figure 1.6).12 All classical 

Molecular Dynamics simulations carried out until now were conducted 

considering the pores of the capsules closed. Thus, a goal of this Thesis is to 
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advance in this direction by considering the pores open thus enabling exchange 

between encapsulated and bulk water molecules. 

Keplerate capsules holding large pores allow water, cations, anions and small 

molecules to pass through. These properties can be exploited in different 

manners.53 For instance, inside/outside cation exchange has been proved by 

NMR experiments for Li+ 9, 54 and Al3+.55 These results brought the idea that 

these capsules could be used as models of ion-channels in membranes, and this 

was explored firstly by using coarse-grained simulations.56 Indeed, the 

experiments were performed a posteriori and showed that, in a competing 

experiment with Li+, Na+ and K+  cations, the higher selectivity was for the 

smallest cation.7c Larger cations, such as guanidinium and tetra-methyl 

amonium (TMA or NMe4
+) cannot pass through the pores, but can remain 

coordinated to external face of the pores. A detailed analysis of such 

interactions has been carried in this Thesis in collaboration with the group of 

Molecular Solids of the Institute Lavoiser (University of Versailles-Saint Quentin, 

France).57 

 

Figure 1.6: a) Schematic representation of the layered water structure with its corresponding 

distance histogram of water oxygen atoms to the centre of the Mo132 cavity for formate (top) and 

sulphate ligands (bottom). b) Spatial distribution function of water molecules encapsulated inside 

the Mo132 Keplerate with sulphate ligands. Red colour represents the second and third layer, 

together with the coordination waters. Grey colour corresponds to the exchange between the 

second and third layer. Blue colour stands for the inner shell. Both figures have been reproduced 

from the publication of Mitra et al.
12a

  

The ligands L in the linker (MoV
2(µ-O)2O2(L

n-)) units are generally bidentate 

anions (formate, sulphate, phosphates, carboxylates, …). According to the 

synthetic methodology, it is possible to exchange them after the capsule is 
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formed. Indeed, it has been demonstrated that the exchange rate through the 

pores depends on the size of the carboxylate substituent,8b and that internal 

capsule sites can exchange with each other, in addition with the exchange with 

the outside.58 More recently, it was shown that the hydrophobic environment 

generated by propionate ligands allow encapsulation of 1-hexanol,59 and that 

when longer carbon chains are introduced, as in n-Pr-CO2
– carboxylates, they 

self-assemble step-wise inside the capsule.8a To the best of our knowledge, the 

most recent advance in encapsulating new species has been reported by 

Floquet, Cadot and coworkers who achieved encapsulating di-carboxylate 

species.60  

The ability to control the inside/outside exchange of molecular species within 

this type of capsules suggested the possibility of their use as nanoreactors. As a 

matter of fact, some outstanding catalytic processes ocurring in the presence of 

this type of capsules have already been accomplished. In a pioneering work in 

2009, Izarova et at. reported the catalytic activity of Mo72Fe30 in the selective 

oxidation of sulfides.61 Many polyoxometalates are active catalysts in oxidation 

reactions, so this reactivity is not surprising. However, the authors did not 

demonstrate whether the reaction occurred inside or outside the capsule. The 

same year, the same Mo72Fe30 Keplerate was used to fabricate electrocatalytic 

electrodes by hybrid thin film deposition.62 In 2012, the first real application of 

Mo132 as a nanoreactor was described, namely the hydrolisis of methyl tert-

butyl ether. In a close collaboration with Weinstock’s group, the computational 

studies carried out in our group enabled proposing a reaction mechanism and 

suggested the existence of unexpected reaction intermediates, which were 

detected experimentally as well.63 Mo132 nanoreactor has shown to be capable 

of modifying the regioselectivity of the Huisgen reaction,10b and very 

remarkably, to uptake CO2 and transform it to carbonate.10a Both 

transformations are being studied computationally in our group. For CO2 

reactivity, they provided evidences that the CO2 hydration reaction is 

accelerated by the capsule because of the role played by MoVI and MoV 

centres.11a Related to CO2 uptake, Garai et al. recently reported the 

transformation of SO2 gas into SO3
2- ligands.64  

 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter  1: General Introduction 

19 
 

 

Other examples of the catalytic activy of Keplerates all fall in the category of 

oxidation reactions, which probably occur outside the capsule. It is worth 

mentioning that H2O2 is used as oxidant in all the cases but one. The latter is 

the case reported by Rezaeifard et al.65 who claim alkenes epoxidation using 

Mo132 and O2. The number of examples is growing: Mo132 has been found active 

in the synthesis of 1,2,4,5-tetrasubstituted imidazoles,66 in the oxidation of 

sulfides,67 in the oxidation of pyridine to N-oxides,68 in the synthesis of 1,8-

dioxo-octahydroxanthenes and 1,8-dioxodecahydroacridines,69 and in the 

condensation of 1,2-diamines with 1,2-dicarbonyls.70 Moreover, heterometallic 

Keplerates M72M’30 (M=Mo, W; M’=Fe, V, Cr) also have shown catalytic activity 

in the oxidation of alcohols71 and sulfides72 and in the epoxidation of alkenes.73 

Other interesting properties have been found in Keplerates, like, for instance, 

the  magnetism displayed by those systems containg Fe74 and V.75 In another 

order of spatial and temporal scales, it has been largely demonstrated that 

Keplerates in aquous solution self-assemble in spherical hollow aggregates 

called blackberries, which were discovered by Liu in 2002.76 It is particularly 

relevant the self-recognition observed during the assembly process for 

mixtures of Mo72Fe30 and Mo72Cr30. Indeed, only blackberries of the pure 

components were detected. Thus, this is a unique example of highly selective 

assembly despite the similarity of the components.77 

Finally, Keplerates are being explored as agents in surfactants,78 in ionic-

liquids79 and liquid crystals,80 as stabilizing agents for synthesising gold 

nanoparticles,81 and they also display interesting electric conductivity82 and 

non-linear optics properties.83 Last but not least, it has been found that Mo132 is 

able to inhibit peptides aggregation related with Alzheimer’s disease.13  

In the following years we expect that this family of compounds will provide new 

and exciting discoveries in the field of nanoscience and nanotechnology, with 

applications in catalysis, membranes and energy.  
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1.4 - Objectives 

This Thesis aims at studying properties of Keplerates, mainly of the Mo132 

system. Regarding the methodology, this Thesis can be divided into two main 

parts. Firstly, we have used Denstiy Functional Theory (DFT) methods in order 

to characterize the electronic structure of the Keplerate family. Despite the 

large number of atoms in Keplerates, its high symmetry makes possible to treat 

them in a routinary way at the DFT level. Therefore, DFT allows us to compute 

an optimised electron density for each system. In the case of Mo132, we went a 

step further and used DFT information to calculate the input parameters 

required to perform classical Molecular Dynamics (MD) simulations on the 

Mo132 capsules in aqueous solution. The analysis of such Classical MD 

simulations is addressed in the second part of this Thesis. 

In the following, we summarise the specific objectives of each chapter. Further 

details can be found at the begining of each chapter. 

Chapter 3: "Electronic Structure of Keplerates" 

 Analysis of the effects on the electronic structure of already known 

Keplerates when some variations in the capsule components take place 

(W/Mo ratio, S and/or O bridging sites at the linkers, different 

bidentate ligands and the inclusion of coordination water molecules in 

the DFT calculations). 

 Theoretical prediction of the stability in terms of electronic structure 

(HOMO-LUMO gap) of some Keplerate systems that have not been 

reported in the literature at the moment: W132, W12Mo120 and the fully 

oxidised Mo132. 

Chapter 4: "Interaction Between the Mo132 Capsule and its Internal Ligands"  

 Study of the effect of the presence of inner ligands in the electronic 

structure of the Mo132 capsule 

 Bonding energy decomposition analysis of Mo132 and the corresponding 

ligands, considering the following energy contributions: Pauli repulsion, 

electrostatic interaction, orbital interaction and solvation energy. 
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 Proposal of models, considering part of or the whole Mo132 system to 

perform the mentioned energy decomposition. 

Chapter 5: "Formation Pathway of Mo132" 

 Modelling the Mo132 Raman spectra evolution, inspired by the 

experimental observations. Such modelling ranges from the starting 

[Mo7O24]
6- molybdate to combinations of the main building blocks of 

the Mo132 cluster.  

 Evaluation of condensation energies at the DFT level involving 

pentagonal and dimeric units with different degrees of protonation. 

Chapter 6: "Ionic Behaviour of Mo132 in Aqueous Solution" 

 Application of the parameters obtained by means of DFT to perform 

Classical Molecular Dynamics Simulations for the Mo132: comparison 

between main results obtained with the previous (closed capsule with 

no external solvent) and current model (open capsule with external 

solvent)  

 Description from a theoretical point of view of the distribution of 

cations around or inside the capsule for a set of cationic species. 

 Effects of the temperature on the distribution of water molecules and 

cationic groups. 

Chapter 7: "Hydrophobicity as Driving Force of the Plugging Process of the 

Mo132 Pores" 

 Understanding the nature of the interactions between the Keplerate 

ion and a set of cationic species (ammonium, guanidinium and tetra-

methyl ammonium cations) by means of Molecular Dynamics 

simulations. 

 Estimation of the binding energy of the capsule and the cationic guests 

through DFT calculations. 

 Analysis of the self-diffusion coefficient of the cationic species using 

their mean squared displacement (MSD), calculated from Molecular 

Dynamics trajectories. 
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 Developing of a post-treatment code to distinguish between the 

different dynamic regimes of the cationic species, inspired by their 

radial distribution function. 
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2.1- Computational methods 

Nowadays, computational methods are very powerful tools to deepen the 

knowledge of a huge variety of systems. One of the most important features to 

take into account when choosing a computational method for the study of a 

particular phenomenon is the balance between the level of accuracy required 

and the computational cost. The computational cost is evaluated in terms of 

CPU time and memory requirements. It depends not only on the level of 

accuracy of the model, but also on the size and time scales of the given 

phenomenon. Both factors are intimately related (Figure 2.1). The level of 

accuracy depends on the type of studies that are to be performed. If the 

properties to be analysed depend on the quantum behaviour of the system, 

first principles methods are required. If the phenomenon to study is not 

influenced by the electronic behaviour of the system and it depends rather on 

the interatomic interactions, other methods as Molecular Dynamics can be 

used. QM/MM methods are an intermediate hybrid approach between the 

quantum and molecular mechanics levels, where part of the system is treated 

from a quantum point of view, while the rest is analysed from a classical 

perspective. If rather than interatomic interactions the interest is focused on 

intermolecular interactions (or even interactions between building blocks of the 

system), coarse-grained approximations can be applied. Finally, at the 

macroscopic level, Finite Element Analysis can be performed on continuous 

fields of the relevant properties like mass, momentum or energy. 

This Thesis is addressed to the study of Keplerates, with regards to their 

electronic structure and their behaviour in aqueous solution. With this purpose 

different computational methods are applied. For the study of the electronic 

structure, a quantum mechanics approach, namely Density Functional Theory, 

is used. In order to study the behaviour in solution, classical Molecular 

Dynamics simulations have been performed. Both methods are introduced in 

the following sections. 
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Figure 2.1: Schematic representation of different computational methods in terms of their time 

and size scales. 

2.2 - Quantum Mechanics: Density 

Functional Theory 

2.2.1 - Quantum Mechanics Fundamentals 

Quantum Mechanics (QM) pursuits the mathematical description of the 

behaviour of any physical system. This approach arises on the first half of the 

20th century, at almost the same time as the Theory of Relativity of Einstein. 

QM can be constructed from six postulates:84 

I. The state of a QM particle is completely specified by its wavefunction 

       . The square modulus of a particle's wavefunction is the 

probability of finding that particle on a differentiate volume located at 

r  at time t. The wavefunction is single-valued, continuous and finite. 
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Moreover, the wavefunction must verify the normalization condition 

expressed in Equation 2.1. 

 
2

( , ) 1r t d



    (2.1) 

II. Every observable (A) in Classical Mechanics corresponds to a linear 

Hermitian operator in Quantum Mechanics (  ). 

 

III. When an observable A is measured, the only values that can be 

observed are the eigenvalues (a). These eigenvalues satisfy the 

eigenvalue equation (Equation 2.2). 

 Â a     (2.2) 

When a system is in an eigenstate, any measurement of the observable 

A will give a as a result. If the system is not in an eigenstate, the state 

can be expanded in the complete set of eigenvectors of    (Equation 

2.3). Then, the measurement can result in any value of ai as a result, 

with a probability of |ci|
2. 

 

1

ˆ
i i i

n

i i
i

A a

c


  

  
  (2.3) 

Once the measurement is performed, the wavefunction collapses into 

the corresponding eigenstate   . Therefore, the measurement affects 

the state of the system. 

IV. The average value of A is shown in Equation 2.4. 

 * dA A 



     (2.4) 

V. The time evolution of a wavefunction is described by the time-

dependent Schrödinger equation (Equation 2.5). 

 ˆ ( , )H r t i
t


 


  (2.5) 
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VI. A wavefunction must be antisymmetric with respect to the exchange of 

all coordinates of one fermion with those of another, including the 

electronic spin. 

Equation 2.5 represents the time-dependent Schrödinger equation. It must be 

introduced as a postulate of QM, but the time-independent version (Equation 

2.6) can be derived from the classical wave equation and the de Broglie 

relation. Effectively, introducing the eigenfunctions and eigenvalues of H results 

in Equation 2.6. 

 ˆ ( ) ( )H r E r     (2.6) 

Considering a given eigenstate, the relation between the time-dependent and 

time-independent Schrödinger equations is shown in Equation 2.7. 

  ( , ) ( )·exp /r t r iEt     (2.7) 

From Equation 2.7 two main consequences are derived: both the probability 

           and the expectation value of A for any time-independent operator 

applied on an energy eigenfunction is also time-independent.  

2.2.2 - Density Functional Theory 

The six postulates introduced in the previous section make the wavefunction 

the central mathematical object of QM. However,   cannot be directly 

observed. Furthermore, the time-independent wavefunction for a system with 

N particles will depend on the coordinates (spatial and spin coordinates) of the 

N particles. In contrast, the corresponding electron density (ρ), which is, in 

addition, indeed physically observable, depends on only 3 spatial variables, 

independently on the number of particles. The electron density is the 

probability of finding one of the N electrons within an element of space (  ) with 

arbitrary spin (  ), considering the other electrons with arbitrary positions and 

spin (      ) (Equation 2.8). Therefore, it is easier to work with the electron 

density instead of the wavefunction for polyelectronic systems. This idea is the 

basis of the Density Functional Theory (DFT).  

 *

1 N N 1 N N 1 2 2( ) ... ( , ,..., ,s ) ( , ,..., ,s ) ... N Nr N r s r r s r ds dr ds dr ds      (2.8) 
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Besides the electron density treatment, there are some theorems and 

approximations that contribute to build up the DFT, which are introduced in the 

following paragraphs. 

Hohenberg and Kohn published in 1964 a discussion about the ground state of 

an interacting electron gas in an external potential.85 This treatment led to the 

so-called Hohenberg-Kohn Theorems. The first theorem establishes that there 

is a one-to-one relationship between the electron density and the external 

potential (v), which means that the external potential is a unique functional of 

the electron density. As for each external potential there is a solution of the 

Schrödinger equation, therefore, the ground state electron density can be used 

to determine the energy of the system and other properties. The second 

Hohenberg-Kohn theorem states that the ground state electron density is the 

only one that minimises the energy functional. This can be understood as an 

extension of the variational principle to DFT. Equation 2.9 shows the system's 

energy (E) as a functional of the electron density. F is the universal functional 

that includes the kinetic energy and the interaction between the N electrons of 

the system. F is not known exactly because of the particularities of the 

interaction between electrons, so further approximations are needed in order 

to remove such indetermination. 

 [ ] [ ] ( ) ( )E F dr r v r       (2.9) 

The Kohn-Sham approach86 solves the problem of the unknown universal 

functional F by means of an effective potential, which includes the effects of 

the electronic interaction. Such approach reduces the problem to a situation 

where the electrons are not interacting in this effective potential (vs).  

A Slater determinant is a solution for the wavefunction of a multi-fermionic 

system, as it fulfils the Pauli Exclusion Principle. For the Kohn-Sham system, the 

system's wavefunction should be a single Slater determinant constructed from 

the Kohn-Sham orbitals (φ). Kohn-Sham orbitals verify Equation 2.10 and are 

related to the electron density, as Equation 2.11 shows. 

 2 ( ) ( ) ( )
2

s i i iv r r r
m

  
 
    
 

  (2.10) 
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   (2.11) 

The Kohn-Sham universal functional F is presented in Equation 2.12. The first 

term represents the classical coulombic electron-electron interaction. The 

second term (TS) is the kinetic energy of the system with non interacting 

electrons. The last term in Equation 2.12 (EXC) is the exchange-correlation 

energy of the interacting system, which includes the difference between the 

exact and non-interacting kinetic energies and the non-classical contribution to 

the electron-electron interaction. This EXC term is the part of the universal 

potential F that remains unknown. Therefore, in the Kohn-Sham approach the 

problem of the unknown universal potential F has been reduced to the 

unknown exchange-correlation term. Thus, approximations for EXC term must 

be done. Perdew introduced the Jacob's Ladder scheme (Figure 2.2).87 The 

Ladder starts at the Hartree level, where no correlation energy is considered. 

Then, different terms are taken into account (electron density and/or its 

gradient, non-interacting kinetic energy density, exact exchange energy, 

unoccupied orbitals, etc.) until one arrives to the so-called Heaven of Chemical 

Accuracy, in which errors in bonding energies are less than 1kcal·mol-1. Some of 

the approaches schematised on Figure 2.2 are described on the following 

paragraphs. 

 
1 ( ) ( ')

[ ] ' T [ ] [ ]
2 '

S XC

r r
F drdr E

r r

 
    

   (2.12) 

2.2.2.1)  Local Density Approximation 

The Local Density Approximation (LDA) builds the expression for the exchange- 

-correlation energy as an analogy with a homogeneous electron gas, as the 

Kohn-Sham model. Such electron gas is composed of electrons in presence of 

positive background charges, making the system electrically neutral. In this 

hypothetical system, both the number of electrons and the volume approaches 

infinity, while       is finite. If the real system has a ρ that is slowly varying, 

the EXC at each point can be assumed to be the same as for the homogeneous 

electron gas with the same ρ (Equation 2.13). 
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In Equation 2.13, εXC represents the exchange-correlation energy per particle of 

the homogeneous electron gas. εXC is a spin averaged density. In the Local Spin 

Density Approximation (LSDA), the energy density of the polarised 

homogeneous electron gas is used.88 

 

 

Figure 1.2: Representation of Jacob's Ladder introduced by Perdew, reproduced from ref. [94]. n 

represents the electron density, τ is the non-interacting kinetic energy density and εX the exact 

exchange energy density. 

 [ ( )] ( ) ( )LDA LDA

XC XCE r r dr       (2.13) 

In the context of LDA, EXC is divided into two terms: the exchange and 

correlation energies. For the exchange energy, the analytic expression from the 

homogeneous electron gas is shown in Equation 2.14. 

 
1/3

4/33 3
[ ( )] ( )

4

LDA

XE r r dr 


 
   

 
   (2.14) 

However, for the correlation part, there is no analytical expression, even 

though very good results can be achieved by means of Monte Carlo 

simulations.89 Such stochastic approach leads to several approximations for the 

correlation energy, for instance: VWN (Vosko-Wilk-Nusair),88 PZ81 (Perdew-

Zunger),90 CP (Cole-Perdew)91 and PW92 (Perdew-Wang).92 
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The simplicity of LDA makes the model not suitable for some studies, as those 

involving Van der Waals interactions or excited states. Furthermore, it usually 

underestimates atomic ground state energies and overestimates binding 

energies. Also, it unduly favours high spin state structures. Nevertheless, it has 

been traditionally used in Computational Chemistry for years because, even 

though its weak points, the errors in the exchange and correlation energy 

densities tend to cancel and it works better as the size of the system increases. 

2.2.2.2) Generalised Gradients Approximation 

In order to improve LDA, the non-homogeneity of the electron density should 

be taken into account. With that purpose, the Generalised Gradients 

Approximation (GGA) includes in the exchange-correlation energy the 

dependence, not only on the electron density, but also on its gradient 

(Equation 2.15). 

 [ ( )] ( ) [ ( ), ( )]GGA GGA

XC XCE r r r r dr        (2.15) 

When ρ is uniform (    ) the GGA energy density must approach the 

expression for    
   . In contrast with LDA, there is no simple universal form for 

the energy density. Thus, each GGA functional has its own formulation for 

   
   . Some of the most widespread are BP86 (Becke-Perdew),93 PW91 

(Perdew-Wang),93c, 94 PBE (Perdew-Burke-Ernzerhof)95 and BLYP (Becke-Lee-

Yang-Parr).93a, 96 

Throughout this Thesis, the main functional used is BP86. It is the result of the 

combination of the exchange functional proposed by Becke93a (Equations 2.16) 

and the correlation functional from Perdew (Equations 2.17).93b, c Both are 

parametric approaches, in order to reproduce the exchange and correlation 

energies of noble gases. In the expression for the Becke exchange functional 

(Equations 2.16), β is the empirical parameter and σ represents the up/down 

electron spin. The expression for the Perdew correlation functional is shown in 

Equation 16. εC is the correlation energy per particle of the uniform electron 

gas from the parameterization of the Cerpley-Alder results.89-90    is the cutoff 

parameter, chosen to fit the exact correlation energy of the Neon atom 

(       ).97 C represents the beyond-RPA (Random Phase Approximation) 

gradient coefficient for the correlation energy98 and it has been parameterised 
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by Rasolt and Geldart.99 rs is the parameter used to characterise the bulk 

density. Furthermore, in Equations 2.17 there are other numerical parameters, 

as α=0.023266, β=7.389·10-6, γ=8.723 and δ=0.472.    
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  (2.17) 

The greatest improvement over LDA functionals is related to the bonding 

energies overestimation, leading to structures whose geometries are closer to 

the X-ray results. Furthermore, it improves transition state barriers. 

Nevertheless, GGA gives not so accurate results for systems where weak 

interactions play an important role. This limitation is the reason why the use of 

GGA is more extended in organometallic compounds. 
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2.2.2.3) Hybrid Functionals 

In Jacob's Ladder (Figure 2.2) the Hartree level has been introduced as the level 

where no correlation energy is taken into account. On the Hartree-Fock model, 

which is based on the numerical solution of the time-independent Schrödinger 

equation with the Born-Oppenheimer approximation, the exchange 

contribution is completely considered, but the correlation contribution is 

neglected. The exchange energy is usually larger than the correlation energy. 

Therefore, the exchange contribution is the largest source of error in LDA and 

GGA functionals. Hybrid functionals consider a partial incorporation of the 

Hartree-Fock exact exchange energy. For instance, O3LYP takes into account a 

percentage of the exact exchange energy of 12%;100 B3LYP, a 20%;101 X3LYP, a 

21.8%;102 mPW1K, a 25%;103 mPW1PW, a 42.8%;104 BHandH, a 50%;101b and 

KMLYP, a 55.7%.105 It is worth highlighting the importance of the B3LYP 

functional because of its wide use on the study of different properties.101a, 106 

The B3LYP exchange-correlation energy is represented on Equation 2.18. 

 
   

 

3

0

B LYP LDA HF LDA GGA LDA

XC X X X X X X

LDA GGA LDA

C C C C

E E a E E a E E

E a E E

     

  
  (2.18) 

The numerical parameters on Equation 2.18 are a0=0.20, aX=0.72 and aC=0.81. 

This parameters are inspired by the B3PW91 functional.107   
    is the 

exchange energy from the Becke88 functional.93a   
    is the correlation energy 

from the Lee, Yang and Parr approach.96 Finally,   
    stands for the correlation 

energy used on the VWN functional.88 

2.2.2.4) Meta-GGA 

Meta-GGA functionals go a step further GGA. They include not only the 

electron density and its gradient, but also the non interaction kinetic energy 

density (Equation 2.19). 

 
21

( )
2

occupied

i

i

r     (2.19) 

Some examples of this type of functionals are TPSS,108 M06-L,109 tHCTH,110 and 

VSXC.111 
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2.2.2.5) Hyper-GGA 

Hyper-GGA functionals is an example of the fully non-local rungs of the Jacob's 

Ladder (Figure 2.2). They take into account the exact exchange energy density 

(or other property from which the exact exchange energy can be calculated). A 

representative example of this type of functionals are the proposal of 

Odashima and Capelle112 or the alternative approach suggested by Perdew.113 

2.2.2.6) Basis Functions Set 

Furthermore the choice of the exchange-correlation energy functional, the 

accuracy of any quantum calculation depends also on the basis set choice.  

In the context of Computational Chemistry, the concept of orbital is associated 

to the wavefunction for a single electron.114 Molecular orbitals are, thus, the 

wavefunctions of the electrons belonging to a given molecule. These 

wavefunctions can be formulated in terms of a spatial (      ) and a spin 

contribution (α(s) or β(s), which are orthonormal functions representing the 

different spin configurations).115 The product of both spatial and spin functions 

generates a spin-orbital. The spatial function of the spin-orbital can be 

expanded as a linear combination of basis functions, the so-called basis set. 

There are two main categories of basis set: the Slater-type Orbitals (STO)116 and 

the Gaussian-type Orbitals (GTO).117  

Throughout this Thesis, the Amsterdam Density Functional (ADF) program118 

has been chosen to perform different studies at the DFT level. The ADF package 

uses STO.119 The STO are centred at the nucleus and their typical structure is 

shown in Equation 2.20, where Ylm are spherical harmonics and α is the 

parameter that controls the long-range decay of the STO function. 

 ( ) Y ( ) n r
lmr r e     (2.20) 

In contrast to GTO, STO have the required cusp profile at the nucleus and the 

appropriate long-range decay. Such characteristics allow the achievement of 

high quality basis set with relatively small number of functions. In contrast, GTO 

will need approximately a factor of 3 more functions for the same level of 

quality.  
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The ADF package has a large number of basis set for all elements, from the 

simplest single-ζ to more sophisticated examples, as the doubly polarised triple-

ζ. Furthermore, very diffuse functions for hyperpolarizability calculations can be 

implemented. In the case of Keplerates, as several transition metal atoms must 

be considered, we have used a single polarised triple-ζ basis set (TZP). The 

"triple" label means that 3 basis functions were used for each atomic orbital. 

Furthermore, the polarization effect is achieved by mixing a basis function with 

angular momentum l with a basis function with angular momentum l+1. For 

instance, an s orbital should be mixed with a p orbital, a p orbital with a d 

orbital and so on. Such mixing procedure allows the polarization basis functions 

to reproduce the change on the electronic density of an atom in the presence 

of other neighbouring species. 

2.2.2.7) DFT Studies on POMs 

DFT has been used since the early 90's for the study of different POM 

properties, achieving very accurate results. The most widely used functionals 

are GGA. Nevertheless, there are some examples on the literature about the 

application of other approaches.120 For instance, in our group, theoretical 

studies have been performed using LDA functionals to carry out a semi-

qualitative analysis of the electronic structure of Keplerates.44 

Among the GGA functionals applied in the study of POMs, BP86 functional is 

the most relevant. Nevertheless the use of other GGA approaches,121 BP86 has 

been extended to a variety of POM systems. The study of POM from a DFT 

point of view has been highly productive in the last years. Particularly, the BP86 

functional has been applied to study different POM features, as magnetic 

properties,122 basic character of external oxygens sites,123 relative stability of 

isomers,124 or electronic spectrum characteristics.125 Furthermore, 

characterization of dimerizations126 and cation encapsulation processes16b using 

a BP86 functional have also been published.  

Regarding the Mo132 Keplerate, BP86 has also been applied. For instance, 

Kopilevich et al. studied Mo132 as a nanoreactor for catalytic applications to the 

fully reversible cleavage and formation of methyl tert-butyl ether, both from a 

theoretical and a experimental point of view.11b The controlled removal of 

acetate ligands makes possible to achieve active sites for catalytic 
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transformation of the organic guest. It is worth noting that in this work, the 

Keplerate capsule has been modelled by means of a fragment of the capsule, 

namely, two pentagons and a linker. 

More sophisticated functionals than GGA have been employed on the study of 

POMs, but their use is less extended. For example, B3LYP has been used to 

study the electronic structure127 and catalytic properties128 of different POMs. 

Furthermore, more elaborated approximations as Meta-GGA are also applied in 

POM science,129 but its use has not been very extended.  

2.3 - Classical Mechanics: Molecular 

Dynamics 

2.3.1 - Classical Mechanics Fundamentals 

2.3.1.1) Classical and Statistical Mechanics 

Classical Molecular Dynamics simulations (MD) aim at calculating the classical 

motion of a molecular system at different phases. Classical Mechanics and 

Statistical Mechanics can be considered as the main pillars of MD. 

In the same way as Quantum Mechanics focuses on the solution of the 

Schrödinger equation, the main objective of Classical Mechanics is to solve 

Newton's equation of motion (Equations 2.21 and 2.22). In Equation 2.21,    

represents the velocity,    the position and    the momenta of a particle. 

Equation 2.22, known as the Newton's second law (      , in which 

          is the acceleration), is, in this case, formulated for a multiparticle 

system, where     is the resultant external force and      is the force on particle i 

caused by particle j. 

 
dr p

v
dt m

    (2.21) 
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ijE
i j

dp
F F

dt 

    (2.22) 

While Thermodynamics allows the calculation of properties of macroscopic 

systems without linking them to the underlying microscopic properties, the role 

of Statistical Mechanics is to connect the microscopic and macroscopic world. 

The macroscopic properties of the system can be computed from the 

configuration of the particles of the system, resulting in an average value with 

its corresponding fluctuations. To describe a macrostate, macroscopically 

measurable independent parameters are specified. Such parameters are 

macroscopic properties describing a particular situation for the system studied. 

Some examples of these parameters are the total energy, the volume, the 

number of particles, the chemical potential, the pressure, etc.  For example, a 

macrostate characterised by (N, V, E) means that the system is prepared so that 

it contains N particles in a volume V, with a total energy E. This corresponds to 

a system enclosed in rigid impermeable and adiabatic walls. The parameters 

chosen for the macrostate definition determine the statistical ensemble. The 

most relevant ensembles will be introduced on the following paragraphs.  

A microstate represents a particular configuration of the N particles of the 

system that is compatible with the given macrostate. There are several 

configurations that will lead to the same macrostate. For instance, different 

spatial distribution of the particles in the system could result on the same total 

energy. A microstate is then characterised by the position and momenta of the 

N particles of the system            , leading to a 6N dimensional space 

known as phase space. 

A statistical ensemble is a collection of systems each of them being in a 

microstate compatible with the actual macrostate. In other words, an ensemble 

is defined by the properties that thermodynamically define the macrostate. 

There are several possibilities for the choice of those properties. The most 

common ensembles are described on the following paragraphs. Each ensemble 

has its own partition function (Q), which is the function that contains all the 

thermodynamic information of the system and from which the related 

properties can be derived. For each kind of boundaries of the system, there is 

an appropriate thermodynamic potential, which can be directly related to the 

partition function. By means of thermodynamic relations (for instance, the 
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Maxwell's relations), other thermodynamic potentials can be calculated. The  

general definition of the partition function is the sum of the Boltzmann factor 

over all the compatible microstates, as it is shown in Equation 2.23, in which 

kB=1.3806504·10-23 J/K is the Boltzmann constant and gi is the degeneracy of a 

given state of energy Ei. 

 g exp i
i

i B

E
Q

k T

 
  

 
   (2.23) 

a) Microcanonical Ensemble (NVE) 

The microcanonical ensemble is defined by the system's number of particles, 

volume, and energy. Its partition function is shown in Equation 2.24, where H  

represents the Hamiltonian. The sum over Γ takes into account the 

indistinguishability of particles through the Gibbs factor 1/N! in the classical 

(non quantum) way. The       factor arises from the zero entropy for the 

ideal gas.130 

 
3

1 1
( ( ) E) ( ( ) E)

!
NVE N

Q drdp
N h




      H H   (2.24) 

In this case, the appropriate thermodynamic potential is the negative entropy 

(Equation 2.25).  

 ln NVE

B

S
Q

k
     (2.25) 

b) Canonical Ensemble (NVT) 

The canonical ensemble is described by the system's number of particles, 

volume, and temperature. Equation 2.26 is the expression for its partition 

function. The appropriate thermodynamic potential in this case is the 

Helmholtz free energy F (Equation 2.27). 

  3

1 1
exp H( ) /

!
NVT BN

Q drdp k T
N h

    (2.26) 

 ln NVT

B

F
Q

k T
    (2.27) 
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As the energy of a NVT system is not a constant, all the values of the energy 

are, in principle, allowed with non-zero fluctuations. Nevertheless, the energy is 

conserved and, therefore, the energy fluctuations are due to the heat reservoir 

connected with our system. The Hamiltonian of each microstate can be divided 

into the kinetic and potential energy contributions. Hence, the partition 

function can be also divided into such terms. The first integral in Equation 2.28 

is related to the partition function for the ideal gas QNVT
id (Equation 2.29) and 

the second integral stands for  the excess or configuration partition function 

QNVT
ex (Equation 2.30). Λ is the de Broglie thermal wavelength and ZNVT the so-

called configuration integral. As QNVT can be divided into an ideal gas term and a 

configuration contribution, from Equation 2.27, all the properties derived from 

the Helmholtz free energy can, therefore, be written as a sum of an ideal gas 

and a configuration part.  

    
3

1 1

!
NVT B BN

Q dp K k T dr V k T
N h

      (2.28) 

 
3!

2

N
id

NVT N

B

V
Q

N

h

mk T




 

  (2.29) 

  ( )
expex N N

NVT NVT
B

V r
Q V dr V Z

k T
 

    (2.30) 

c) Isothermal-Isobaric Ensemble (NPT) 

In this case, the number of particles, the pressure, and the temperature are the 

properties that are constant over all the microstates. Equations 2.31 show the 

expression for the NPT partition function. 

 

    

 

   

3

0

exp exp

1 1 1
( )

!

exp exp ( )

NPT B B NVT

V V

BN

NPT B B

Q H PV k T PV k T Q

dV drdp H PV k T
N h V

Z dV PV k T dr V r k T



     

  

  

 

 

 

 (2.31) 
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The appropriate thermodynamic potential is the Gibbs free energy G (Equation 

2.31). 

 ln NPT

B

G
Q

k T
    (2.32) 

d) Grand Canonical Ensemble (µVT) 

The grand canonical ensemble represents a collection of microstates that have 

the same chemical potential (µ), volume, and temperature. Equation 2.33 and 

2.34 are the partition function and the characteristic thermodynamic functional 

respectively. 

 

   

   
3

exp ( ) exp

1 1
exp exp

!

VT B B NVT

N N

B BN
N

Q H N k T N k T Q

N k T drdp H k T
N h

  





    

 

 

 
 (2.33) 

 ln VT

B

PV
Q

k T
     (2.34) 

In this Thesis, almost all the simulations performed are at the isothermal-

isobaric ensemble (NPT), because the real experiments carried out in the 

laboratory are usually at constant pressure and temperature. The NPT 

ensemble is achieved simulating a system coupled to a heat reservoir, which 

makes the temperature constant. Also, the pressure is held constant by 

changing the volume (see following sections for further details on the used 

thermostat and barostat algorithms). NPT simulations allow the study of 

systems at the vicinity of a first-order transition, because for a time long 

enough, the system is free to transform into the state with lowest energy, while 

NVT ensemble will keep the average density constant and, thus, it may 

frustrate the transition due to the high energy of the interface that needs to 

develop. 
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2.3.1.2 - Classical Molecular Dynamics 

There are two main types of statistical computational methods: Monte Carlo 

methods (MC) and Molecular Dynamics methods (MD). Both approaches allow 

solving numerically problems that cannot be solved analytically (for instance, 

the interaction between more than two bodies). Also, statistical methods allow 

the prediction of some properties of the system before the experimental 

studies are performed. Therefore, statistical computational methods 

complement the experiments that need to be carried out in very difficult 

conditions (for example, in the so-called "no man's land" of the water phase 

diagram). 

MC methods were introduced at the mid-20th century by Metropolis et al. 

looking for a deeper understanding of the diffusion of neutrons in a fissionable 

material.131 The MC approach has been spread to other systems with many 

coupled degrees of freedom, as fluids or disordered materials. Nowadays, MC is 

being applied to almost any problem with a probabilistic interpretation as, for 

example, in the domain of mathematical finances. The main idea of MC 

methods consists on generating a markovian trajectory in the phase space in a 

chosen statistical ensemble. With that purpose, an initial configuration is 

established and then successive configurations are generated. These new 

configurations are rejected or accepted depending on a given probabilistic 

criterion. Usually, such criterion is the ratio between Boltzmann factors of the 

old and new configuration. Therefore, a new phase space configuration is 

accepted when the transition between the old and the new configuration is 

favourable in terms of probability. Thus, MC methods are considered as 

stochastic methods. Some properties can be calculated as averages over the 

accepted configurations. MC methods take advantage of the Ergodic 

Hypothesis132 calculating the system's properties as ensemble averages. As MC 

trajectories are on the phase state, the dynamics of the system is not the real 

dynamics, which means that dynamic properties, as transport properties, 

cannot be straightforwardly computed from MC methods. This is not the case 

for MD simulations: MD simulations start from an initial configuration            

and, by means of the classical Newton's equation of motion (which requires the 

knowledge of the forces between particles), the dynamics of the system is 

computed. Then, when the simulation time is long enough, the equilibrium is 

reached, and average properties can be calculated. In contrast with MC 
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methods, in MD simulations any observable property of the system is obtained 

computing a time average over the trajectory.  

In this Thesis, MD methods are employed to study the behaviour of the Mo132 

Keplerate in aqueous solution. The first simulation of a liquid was carried out in 

1953 using a MC approach.133 In 1958, the first MD experiment was carried out 

by Alder and Wainright134 in an assembly of hard spheres. In 1960, the first MD 

simulation of a real material was performed by Gibson et al.135 Gibson and co-

workers focused on the radiation damage in crystalline Cu. Finally, in 1964 the 

first MD simulation of a liquid (Ar) was published by Rahman.136 More recently, 

MD methods have already been applied to the study of confined water inside 

Mo132 cavities.12 The following paragraphs are aimed at introducing some basic 

concepts on the context of classical MD programs. 

The main goal of MD programs is to produce long-time trajectories from initial 

conditions of the positions and momenta of the particles of the system, to 

make possible the calculation of equilibrium properties as time averages. To 

achieve such purpose, information about the interacting forces between atoms 

is required. So, the first step of a MD program consists on reading the input 

parameters, which include information about the characteristics of the system 

and its initial configuration and also of the kind of simulation to be performed 

(ensemble, macrostate conditions, etc.). Interaction between atoms and/or 

molecules must be outlined as an input too through the use of a suitable force 

field. Thermodynamic conditions and the corresponding statistic ensemble 

must be also established, as well as the size and shape of the simulation box 

(and periodic boundary conditions, if applicable). Also, the algorithm to 

integrate the equations of motion and its related details must be specified. 

The initial configuration consists on the            values of all the atom or atom-

like units, whose number, type, and molecules they form must be also 

specified. All the simulations presented in this Thesis were performed starting 

from an initial configuration generated with the Packmol package137, which 

leads to a starting configuration in such a way that repulsive short-range forces 

will not disrupt the simulation. The packing strategy employed avoids atoms 

laying to close and overlapping, which could lead to a undesired initial 

configuration.138  
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Once all the input parameters are read, the second step consists on computing 

the forces between particles and, then, integrating the equations of motion. 

These two steps are repeated on a loop structure until the equilibrium is 

reached and the trajectories are long enough to have a good sampling for the 

calculation of averaged properties, which is the final step of a MD simulation. 

a) Force Field 

Periodic Boundary Conditions (PBC) make possible to simulate an infinite 

system from a single simulation box. Nevertheless, if the number of particles 

approaches infinity, the evaluation of the interaction between particles 

becomes complicated. Forces between atoms and/or molecules are usually 

conservative. Therefore, such forces can be derived from the corresponding 

potentials.  

In classical MD simulations, the electronic levels of freedom are not considered 

explicitly, as they are in Ab Initio MD. Due to its quantum nature, the electronic 

properties are not compatible with the time scale of Classical MD theory. In a 

classical MD simulation, the nuclei are classical particles moving in an effective 

potential surface, which is called force field. The force field is built as a 

collection of 2-body potential functions that describe the interactions between 

atoms and/or molecules. Such potential functions are parameterised from 

quantum mechanics or empirically. Furthermore, those interactions can be 

classified into intramolecular or bonded interactions and intermolecular or non-

bonded interactions.  

Intramolecular interactions are described by means of stretching, bending and 

torsion potentials. Also, sometimes coupling of degrees of freedom is 

considered. In all the simulations presented throughout this Thesis, all the 

molecules were treated as rigid bodies (see next section Integration of the 

Equations of Motion). So, no intramolecular potentials are needed to describe 

the dynamics of such rigid molecules: only intermolecular potentials must be 

defined. 
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Intermolecular forces can be divided in two main groups: short-ranged and 

long-ranged forces. Most of the intermolecular potentials have an r
-α

 

dependence. When α>3, potentials are considered short-ranged functions. 

When α≥3, potentials are treated as long-ranged interactions. 

a.1) Short-ranged forces: the Lennard-Jones model 

For short-ranged forces, the Lennard-Jones (LJ) model is applied. When two 

atoms are at an intermediate distance, their charge densities are redistributed 

causing fluctuating instantaneous dipoles, which lead to an attractive 

interaction between atoms. Such attractive potential is proportional to r-6. 

When the distance between atoms is shorter, the overlap of their 

wavefunctions will cause a repulsive interaction because of the Pauli Exclusion 

Principle. Such repulsive potential is proportional to e-r, but, in order to reduce 

the computational cost, it is usually parameterised as r-12 because of the 

quadratic relation with the attractive counterpart. The final expression for the 

LJ potential (ULJ) is shown in Equation 2.35, in which rij stands for the distance 

between particles i and j. One of the most interesting improvements with 

respect to, for instance, the hard spheres model is that, in the LJ model, atoms 

with high energy are able to penetrate the hard core of other atoms. εij is the 

depth of the well and σij is related with the equilibrium distance (at which 

ULJ(2
1/6σij)=0) as it is shown in Figure 2.3. Both parameters ε and σ can be fitted 

to experimental results and a wide range of pure substances are already 

characterised on the literature.139 Nevertheless, in most cases it is more 

interesting to consider different kind of atoms in the same simulation box. 

Thus, parameters for pure substances are combined to calculate the 

corresponding parameters εij and σij for such mixtures and describing, then, the 

interaction between different kinds of atoms.  
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ij ij
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There are multiple choices regarding the combination of pure-substances LJ 

parameters (       ): different mixing rules have been reported in the literature, 

for instance, by Fender and Halsey,140 Kong141, Waldman and Hangler142 and 

Sikora.143 Nevertheless, one of the most widely used approach are the Lorentz-

Berthelot combining rules (Equation 2.36).144 

 

Figure 2.3: Lennard-Jones potential (ULJ(rij)) as a function of the distance rij between a particle i 

and a particle j. The depth of the well εij and the equilibrium distance (related with σij) have been 

highlighted. 

As short range interactions have an r-α dependence, with α>3, a cut-off distance 

(rC) must be introduced. For a given particle, the most important contribution 

to the short-ranged potential (Ushort) comes from its closest neighbours (rij<rC). 

The cut-off approach consists in splitting the LJ potential into two terms 

(Equation 2.37): the truncated potential (Uc), which is the contribution from the 

closest neighbours and the contribution from no-closest neighbours (Ur>rc). In 

the simulations presented throughout Thesis, the cut-off distance is set to 16 Å. 

 ( )
Cshort c ij r r

i j

U U r U 



    (2.37) 

In the case of a LJ potential, the correction to include the contribution of no-

closest neighbours (     

  ) can be expressed in terms of the LJ Lorentz-

Berthelot parameters as it is shown in Equation 2.38, in which Ni,j is the number 

of atoms of type i or j.  
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Besides the LJ parameters, the LJ force centres at which such parameters are 

applied must be indicated in order to reproduce intermolecular interactions. 

There are two main approaches for establishing LJ force centres: all-atoms 

(AA)145 and united-atoms models (UA).146 In AA description, each atom is a LJ 

force centre with its corresponding LJ parameters. Nevertheless, to reduce 

computational cost, in some cases (for instance, hydrocarbon chains), UA 

models are applied, considering the hydrogen influence through the LJ 

parameters of the corresponding carbon atom. In this Thesis, this approach was 

used to describe the dynamics of the methyl groups from the acetate internal 

ligands of the Mo132 Keplerate. The CH3 rotation around the carbon atom has 

characteristic times much lower than our time step. Thus, a simplification can 

be performed considering the whole methyl group as a single unit. 

In all the simulations performed throughout this Thesis, LJ parameters for the 

ligands and countercations were extracted from the Optimised Potentials for 

Liquid Simulations force field (OPLS) developed by Jorgensen et al.145 

Unfortunately, the OPLS force field does not include parameters for most of the 

transition metals. Thus, an alternative approach must be implemented for the 

POM atoms. Our choice consists on using LJ parameters for molybdenum and 

oxygen atoms extracted from previous work carried out in our group.12b, c, 16c, 147 

In those projects, the behaviour of different POMs in aqueous solution was 

simulated, achieving quite accurate results comparing to experimental data. 

In the case of water, there are multiple choices for the LJ parameters because 

several models have been developed, since water is one of the most interesting 

and widely investigated liquids. The main causes of the relevance of water in 

different scientific fields are its abundance and its anomalous behaviour 

compared with other liquids. Water is the most abundant liquid on Earth and it 

has a very important role in biological processes. Furthermore, water has a 

characteristic structure that produces important consequences on its liquid 

behaviour. Water molecules present a permanent dipole moment that 

produces the so-called hydrogen bond interaction.148 Such hydrogen bond 

network gives water a cohesive nature, which is the main cause of water 

anomalies. Water anomalies refers to properties of water that differ from the 
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behaviour of most of liquids.149 For instance, water presents a high boiling, 

melting and critical temperature compared with other liquids with similar 

density. Moreover, bulk water has a large heat capacity and dielectric constant, 

as well as a high surface tension. At low temperatures, water presents a density 

maximum around 4°C and also some anomalies related to the isothermal 

compressibility.150 Particularly, the structure of water below 0°C gives rise to 

the concept of amorphous ice (in which Low/High Density ice microdomains are 

found).151 At even lower temperatures, some supercooled water properties, 

such as the heat capacity and the compressibility, diverge when approaching 

T=228 K. This feature is one of the critical points in the experimental study of 

the liquid behaviour of supercooled water because at T=235 K bulk water 

crystallises. The temperature range from T=120 K to T=235 K is known as the no 

man's land, in which experiments on liquid water cannot be performed.152 Such 

limitation in experimental studies makes simulations of water even more 

important. Hence, a huge variety of water models have been developed to 

satisfy the specific requirements of the different phenomena to study.  

The explicit solvent models for water available in the literature are 

representations of the H2O molecule with some variations in the values of the 

LJ parameters, atomic point charges and geometry, depending on the range of 

conditions and the properties to be reproduced. Furthermore, water models 

present different number of atomic sites. For instance, the SSD (Soft Sticky 

Dipole) model153  is a single point representation, where only one site is used 

and characterised by means of a point dipole and a LJ core. More sophisticated 

models are built as 3-sites representations. The SPC (Simple Point Charge) 

model154 is an empirical parameterization composed of three point charges and 

one LJ centre at the oxygen atom. Usually, in the SPC model, water molecules 

are considered as a rigid, but there is also a flexible variant.155 The SPC/E model 

is, as well, an extension of the original SPC, in which the charge of the oxygen 

atom has been alternatively parameterised.155b Among the 3-site models, some 

of them are built in order to reproduce polarisable water molecules, as the PPC 

(Polarisable Point Charge) model.156 In the PPC model, the effect of an electric 

field has been included by means of the three point charges and the position of 

the negative charge. More complex models have been reported using an 

increasing number of atomic sites. For instance, GCPM (Gaussian Charge 

Polarisable Model)157 uses 4 atomic sites and in the six-site model158 a 

tetrahedral geometry has been considered. 
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Figure 2.4: a) Schematic representation of the molecular geometry for the TIP4P/2005 water 

model.  The O atom has been represented in red, H atoms in white and grey is reserved for the 

dummy atom M. b) Phase diagram the water model TIP4P/2005 (red line) compared with the 

experimental results (blue stars). The phase diagram has been reproduced from ref. [169]. 

Among the different models for water, there is a family of parameterizations 

with a special relevance due to its versatility and potential applications: the so-

called Transferable Intermolecular Potentials (TIP). The TIP group includes 

models with an increasing number of atomic sites. Some examples of this 

family are the TIP3P,159 TIP4P,160 TIP5P161 and their corresponding variations. 

Particularly, throughout this Thesis, water has been represented by means of 

the TIP4P/2005 model.162 TIP4P/2005 consists of a rigid planar model with four 

atomic sites. Besides the sites corresponding to H and O atoms, an extra 

position has been included to represent a charge displacement of the oxygen 

atom. Therefore, TIP4P/2005 presents three point charges (at H and M 

positions) and a LJ centre located at the oxygen atom (see Figure 2.4a for 

further details). The TIP4P/2005 model has been chosen for this Thesis project 

for its accurate description of bulk water at a wide range of conditions. A good 

example of such accurate description is the resulting TIP4P/2005 phase 

diagram. Figure 2.4b shows how, using the TIP4P/2005 representation, the 

phase diagram of water has been accurately reproduced by Abascal and Vega. 

It is worth noting that the obtained phase diagram is shifted around 20 K to low 

temperatures with respect to the experimental diagram. 
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a.2)  Long-ranged Forces: the Ewald Summation Technique 

The problem of long-ranged forces is usually reduced to the treatment of 

Coulombic interactions between atoms with assigned point charges. When 

Periodic Boundary Conditions (PBC) are applied, long-ranged interactions can 

imply atoms belonging to different cell replicas. Thus, in such situation the 

Ewald summation technique must be applied.163  

Considering N charges qi with positions     in a cubic volume V=L3, the 

electrostatic energy of the system (Uelec) is represented in Equation 2.39, where 

       is electrostatic potential (Equation 2.40). Such potential is caused not 

only by the charges belonging to the main cell, but also to the replicas resulting 

from the PBC. This is the reason why the sum in Equation 2.40 is also in    , 

which is the vector indicating the cell replica. It is worth noting that when 

     , the contribution from j=i must be excluded from the summation, in 

order to avoid including the interaction of a given atom with itself. Equation 

2.39 is only conditionally convergent, which means that the summation in i 

converges depending on the order in which the sum is performed. Hence, the 

Ewald summation technique is introduced in order to avoid such mathematical 

issue. 
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The Ewald summation technique considers that each point charge is 

surrounded by a screening charge distribution (ρS) with the same total charge 

and opposite sign. Then, a compensating charge distribution (ρC) must be 

included at    , with total charge qi. Both, screening and compensating charge 

distribution are Gaussian distributions of width       (Equation 2.41). 
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From Equations 2.39-41, it is possible to propose a set of converging sums for 

the point charges and the corresponding screening and compensating charge 

distribution. For the point charges and the screening distribution, the sum is 

performed in the real space. In contrast, for the compensating charge 

distribution, the sum is performed in the Fourier space.  

Equation 2.42 summarises the electrostatic energy resulting from the Ewald 

summation technique. The first term stands for the contribution of the 

compensating charge distribution. The second term represents the contribution 

of the point charges and their corresponding screening charge distribution. 

Finally, the negative terms are related to the interaction between the point 

charges and its own compensating charge distribution and the undesired 

intramolecular interactions (N*). The error function (erf) and its 

complementary function (erfc) are defined in Equation 2.43.164 
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For practical requirements, the first term on Equation 2.42 must be restricted 

to a set of lattice vectors    , so                
          

    . Thus, finally, the 

parameters regarding the Ewald summation technique that must be fixed to 

perform a MD simulation are α and        
    . α depends on the size of the 

system. For small values of α, the second term in Equation 2.42 will converge 

quickly, but for large values of α the first term will converge faster. So α must 

be chosen in order to improve the time to compute both sums.165 For the 

simulations carried out throughout this Thesis, α and        
     are set to 0.21 and 

6, respectively. 
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a.3) Point Charges Distribution 

The Ewald summation technique (and any other approach to compute 

electrostatic interactions in MD simulations) requires the assignment of point 

charges to atomic positions. Unfortunately, atomic charge is not an observable 

from a QM point of view.166 So, point charges cannot be derived directly and in 

a unique way from the wavefunction of the system. Nevertheless, there are 

multiple approaches to assign point charges: from empirical parameters 

(Charge Equilibration method or Qeq
167), fitting electrostatic potential (Charges 

from Electrostatic Potentials using a Grid-based method or ChelpG168), from the 

atomic polar tensors (Generalised Atomic Polar Tensor or GAPT charges169), 

from molecular orbitals (Mulliken170 and Weinhold-Reed Natural Population 

Analysis (NPA)171), and, finally, from the integration of the electronic density on 

atomic domains (Hirshfeld,172 Bader173 and Voronoi Density Displacement 

(VDD)174 approaches). 

Qeq method assigns point charges to atomic positions of a given molecular 

geometry from experimental atomic properties. The basis of this method is to 

express the atomic energy (EA) as a Taylor series of the charge (Equation 2.44). 

The coefficients of the Taylor series are related to empirical atomic parameters 

such as the ionization potential (IP) and the electron affinity (EA), which are 

related to the electronegativity (χA
0) and to the idempotential or self-Coulomb 

integral (JAA
0), as it is shown in Equations 2.45. The atomic energy is finally 

expressed as Equation 2.46. Qeq equations are summarised as the matrix 

Equation 2.47.  

 

2
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  (2.47) 

Qeq approach was used in previous work performed in our group regarding the 

structures formed by the water molecules encapsulated within the Mo132 

capsule12b, c, giving accurate results when compared with X-ray experiments. 

Besides empirical parameterizations, another interesting group of methods are 

those based on the integration of the electron density. When a bond is formed, 

the partial charge of an atom is the amount of electron density lost to or gained 

from the other atom involved in the bond. To compute the change on the 

electron density, a spatial partitioning must be defined, to allow the integration 

of the electron density in atomic domains. Different partitions will lead to 

different numerical values for the atomic charges (Table 2.1).  

Bader methodology takes advantage from the topology of the electron density, 

namely, its critical points, to define atomic domains, in which the electron 

density is integrated. Bader charges are calculated by subtracting such integral 

value to the nuclear charge (Equation 2.48). The first step consists on identify 

the critical points of the electron density. The points at which the charge 

density is a minimum along the bond direction but a maximum in regarding the 

directions normal to the bond define the atomic regions, which are zero-flux 

surfaces by construction. 

 ( )Bader

A A

atomic
regions

Q Z r dr     (2.48) 

In contrast with Bader approach, the VDD method uses a pure geometric 

partitioning of the space. For a given atom, its Voronoi cell175 is the region of 

the space that is closer to that nucleus than to another one. Hence, a Voronoi 

cell for a particular atom is bound by the bond midplanes perpendicular to all 

axes between the given nuclei and its neighbours, like a Wigner-Seitz cell in a 

crystal structure. Once the spatial partitioning is defined, the deformation 

density can be calculated, in order to evaluate the flow of charge into/out of 
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the Voronoi cells. By construction, the VDD method is independent on the 

choice of basis set and also on the choice of the origin of the molecular 

geometry. Furthermore, the VDD method does not depend on atomic 

properties as the electronegativity or Van der Waals radii, which have a certain 

degree of arbitrariness. The VDD method, like the Hirshfeld method, uses a 

fictitious promolecule, whose electron density is the superposition of atomic 

densities. The deformation density (ρdef) is defined as the difference between 

molecular and promolecular density. Equation 2.49 represents the VDD charge 

for a given atom A, where   
        corresponds the weight function, which is 1 

inside the Voronoi cell and 0 outside. The sum of the atomic VDD charges adds 

up the total charge and gives us information about the flow of charge caused by 

the bonding. Positive values of QA
VDD correspond to loss of electrons in the 

Voronoi cell, while negative values will suggest a gain of electron density. 

  ( ) ( ) ( )VDD Voronoi

A molecule promolecule A def

Voronoi
cell

Q r r dr r dr           (2.49) 

Different point charges distributions generate different numerical charge 

values. Therefore, a bad choice of the point charges could lead to unphysical 

results, as point charges are the source of one of the most important 

interactions on the defined force field. Table 2.1 collects some examples of the 

numerical charge values obtained with the point charges distributions 

described on the previous paragraphs for some of the atoms belonging to the 

Mo132 macro-ion. 

Table 2.1: Examples of numerical values for the point charges assigned to some relevant atomic 

positions using different approaches (Qeq, Bader, and VDD point charges distribution). Mocentral 

stands for the central atom of the pentagonal unit, while Mopenta represents the remaining metal 

centres in such building block. Molinker are the metal centres of the linkers. Oterm corresponds to 

the terminal oxygen atoms and Obridge to those occupying bridging positions in the linkers. 

Atom Qeq (e) Bader (e) VDD (e) 

Mocentral 0.9747 2.5807 0.8860 
Mopenta 0.8845 2.6188 0.8430 
Molinker 0.8654 2.4074 0.7140 

Oterm (linker) -0.5512 -0.8607 -0.3940 
Oterm (pentagon) -0.5880 -0.8542 -0.3840 

Obridge -0.3162 -0.9799 -0.4210 
Openta -0.2908 -1.0684 -0.3350 
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Due to the several possibilities available for the point charges distribution, a 

choice must be made, in order to complete the description of the force field. In 

our case, we performed a series of MD simulations for the Mo132 ion in solution 

with guanidinium counter-cations, using different point charges approaches. 

This system was chosen as reference because of its experimental 

characterization in terms of the layered water structures formed inside the 

cavity due to the confinement.12a Then, the different approaches for the point 

charges distribution described on the previous paragraphs (Qeq, Bader and VDD 

methods) were applied to assign point charges to the POM atoms, in order to 

compare our theoretical results with the experimental ones and make a 

decision about which method better represents our system. Qeq approach was 

chosen because, despite its semiempirical character, it was already used in 

previous work performed by our research groups to characterise by means of 

MD the layered structures of water inside Mo132 cavity, achieving quite 

accurate results (Figure 2.5).12 Bader and VDD methods were chosen in order to 

take advantage from the electron density calculations carried out at the 

quantum level as part of this Thesis. The computational details for these 

quantum calculations correspond to the standard DFT level (ADF2012 / ZORA / 

BP86 / TZP / COSMO).  

 

Figure 2.5: a) Schematic representation of the layered water structure with its corresponding 

distance histogram of water oxygen atoms to the centre of the Mo132 cavity for formate (top) and 

sulphate ligands (bottom). b) Spatial distribution function of water molecules encapsulated inside 

the Mo132 Keplerate with sulphate ligands. Red colour represents the second and third layer, 

together with the coordination waters. Grey colour corresponds to the exchange between the 

second and third layer. Blue colour is reserved for the inner shell. Both figures have been 

reproduced from the publication of Mitra et al.
12a
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Qeq, Bader and VDD simulations were performed with the DL_POLY Classic 1.9 

package176. PBC were applied to a cubic simulation box of initial dimensions of 

7x7x7 nm3, containing one Mo132 anion with 30 fixed formate ligands, 42 

guanidinium cations and 11000 TIP4P/2005 water molecules. All the molecules 

in this system were treated as rigid objects to reduce the computational cost. 

Besides the point charge parameters for the Keplerate, the force field must be 

completed for the cations and ligands by means of the OPLS-AA 

parameterization. The LJ parameters for the POM were the same used on 

previous studies performed for the Mo132 capsule12 and other polyoxometalates 

systems.147, 177 Crossed interactions between unlike atoms have been calculated 

from Lorentz-Berthelot combining rules.144 Coulombic interactions are 

calculated through the Ewald summation technique, with α=0.21 and a 

maximum of six wave vectors in each direction. Trajectories were computed by 

means of the Verlet leapfrog algorithm with a time step of 1 fs and a cut-off of 

16 Å. The simulations were carried out in the NPT ensemble. Ambient 

conditions (T=298 K; p=1 atm) were achieved through the Nosé-Hoover 

thermostat and Andersen barostat, with relaxation times of 0.02 ps and 0.1 ps, 

respectively. Further details for the integration algorithms, thermostat and 

barostat are given in following sections. Initial configurations were generated 

with the Packmol software137 and equilibrated for 1 ns. Then, the production 

run was extended 4 ns. Snapshots of the simulations were stored each 1000 

time steps. Those snapshots were used to compute radial distribution functions 

of the different atom types involved on the MD simulation. With that purpose, 

the simulation box was divided into concentric shells of width of 0.035 Å with 

their origin at the centre of the Mo132 capsule. 

Classical MD simulations using Qeq, VDD and Bader methods are compared on 

Figure 2.6 by means of the radial distribution function of the oxygen atoms of 

water (Figure 2.6a) and of the carbon atoms of the guanidinium cations (Figure 

2.6b).  All three models present common features. For instance, the radial 

distribution function profiles for the water molecules encapsulated inside the 

Mo132 cavity show a structured arrangement, resulting on concentric shells of 

water molecules. Such effect is a consequence of the confinement. Mo132 

pentagonal building blocks are composed of MoVI metal centres. X-ray results 

show pentagonal structures composed of a pentagonal dipyramid MoO7 

surrounded by 6 MoO6 octahedra.12a To achieve such structure, 72 water 

molecules must complete the coordination of the pentagon metal centres. 
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Therefore, the capsule acts as a template for the coordination water molecules: 

the pentagonal motifs constrain the arrangement of the water molecules closer 

to the cavity wall. Such imposed arrangement is spread but distorted as 

approaching the centre of the capsule, giving rise to the particular layered 

structure of the encapsulated water molecules (Figure 2.5). The layered 

arrangement of encapsulated water has been previously studied in our group 

by means of Classical MD simulations, achieving a very good agreement with 

the experimental X-ray results.12 For example, Mitra et al. compared the effect 

that the ligand size will have on the arrangement of the water layers inside the 

Mo132 cavity. The authors have shown that the size of the ligands strongly 

affects the available space on the cavity, altering the layered structure of water. 

For instance, when formate groups are acting as internal ligands, in addition to 

the 72 coordination water molecules, the inner 100 molecules cluster is 

composed of four layers: the innermost {H2O}20 dodecahedron, a partially 

occupied {H2O}20/2 dodecahedron, a {H2O}60 distorted 

rhombicosidodecahedron and another partially occupied {H2O}20/2 

dodecahedron. Further details on this kind of water layered structures are 

described in Chapter 6. 

 

Figure 2.6: Radial distribution functions for: a) the oxygen atom of water (gOW) and b) the carbon 

atom of guanidinium cations (ggua). Three different models for the point charges assignments 

have been used: Qeq (green line), VDD (red line) and Bader (blue line) methods. The black dashed 

line represents the polyoxometalate scaffold. 

All the previous studies related to the Mo132 capsule and the analysis of the 

structural properties of the water molecules encapsulated were performed 

using the Qeq method and the molecular geometry extracted from X-ray results. 

Furthermore, the capsule was treated as a closed system 20 guanidinium 
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cations fixed plugging the pores and no external solvent considered. In 

contrast, the simulations presented throughout this Thesis consider the capsule 

in aqueous solution in the presence of countercations initially randomly 

distributed along the simulation box. Additionally, the molecular geometry was 

extracted from DFT calculations instead from X-ray results. Despite these 

differences, all three charge models compared in Figure 2.6a reproduce the 

layered structure of water molecules inside. Obviously, changes in the charge 

distribution and on the capsule's description cause some differences on the 

distribution of the water molecules. However, all three models have radial 

distribution patterns with the same number of peaks approximately at the 

same position. Nevertheless, the integration of the radial distribution function 

leads to a different number of water molecules inside the capsule. The Bader 

method results in more than 200 water molecules encapsulated, while Qeq and 

VDD simulations lead to 167 and 162 water molecules inside the cavity 

respectively. The latter results are in better agreement with the experimental 

observations (172 water molecules encapsulated: a 100 molecules cluster and 

72 coordination water molecules). Such result indicates that, regarding the 

water molecules distribution, Qeq and VDD method seem to be better 

descriptors of the Mo132 capsule in solution. 

As far as the counter-cation distribution is concerned, different profiles are 

observed for the three point charges models in Figure 2.6b. The cation 

distribution will be the final criterion to decide which charge choice better 

describes our system in the desired conditions. X-ray results show that the 

guanidinium countercations are located at the pores, at 12.3 Å from the centre 

of the capsule. Using the Bader methodology, the radial distribution function 

for the guanidinium cations shows two peaks inside the cavity: around 7.5 Å 

and 12.5 Å from the centre of the capsule. The integration of those peaks 

corresponds to 10 guanidinium cations. The Qeq radial distribution only 

presents a peak at 10 Å inside the capsule, corresponding to only 2 guanidinium 

cations. Finally, in the case of the VDD method, only one peak is observed 

between the centre of the capsule and the positions of the Mo atoms, placed 

around 11.25 Å. This peak represents 11 guanidinium cations placed at the 

pores.  
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Summing up, the Bader method overestimates the amount of water molecules 

encapsulated and also allows cations to penetrate inside the cavity. These two 

features lead us to discard Bader methodology as a suitable point charges 

distribution choice to describe the interaction between the Mo132 anion and 

guanidinium cations. When Qeq or VDD methods are applied, the number of 

water molecules encapsulated inside the Keplerate is 167 and 162 respectively. 

These numbers are in better agreement with experimental results than the 

Bader methodology. Regarding the counter-cation distribution, Qeq method 

leads to a radial distribution peak at 10 Å corresponding to two guanidinium 

cations. In contrast, the application of the VDD methodology causes a peak in 

the radial distribution function at 11.25 Å, which corresponds to 11 

countercations. Therefore, VDD point charges distribution produces results that 

are in better agreement with the cation distribution observed experimentally 

(at 12.3 Å from the centre of the capsule). Thus, VDD method is the one chosen 

to perform the classical MD simulations presented throughout this Thesis. 

b) Integration of the Equations of Motion 

Once the force field is defined, the Newton's equations of motion can be 

integrated to generate a classical trajectory for all the particles of the system. 

The procedure will be different depending on the nature of the interaction and 

bonds between atoms. For instance, the characteristic time and quantum 

nature of stretching and bending displacements make classical MD 

inappropriate to characterize such movements. A good approach to solve the 

chemical bond description is to introduce constraints during the integration of 

the equation of motion to some distances and angles. This can be done by 

means of the Lagrangian multiplier method, which will introduce a constraining 

force in the Newton's equation of motion. The most widely used algorithm to 

perform this kind of constraints is the shake algorithm, introduced by 

Berendsen et al.178 Nevertheless, the constraint method is recommended for 

systems with a small number of constraints compared with the number of 

particles. When the number of constraints increases, the shake algorithm will 

strongly increase the computational cost. Then, for systems with a larger 

number of constraints than atoms, the rigid body approximation becomes more 

practical than the constraint method. In this Thesis, all the MD simulations 

were performed under the rigid body approximation: each molecule is 

considered as a rigid unit that interact with other rigid units keeping its 
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characteristic geometry. The rigid body approach allows saving computational 

time without losing critical information, because we are interested in 

properties of the system that are not expected to be affected by the particular 

details of the vibrational motion or the flexibility of the many bonds present in 

our molecules. 

As we are considering all the molecules as rigid bodies, for a given unit the 

integration of the equations of motion can be divided on the translational 

motion of the centre of mass and the rotation of the given unit around its 

centre of mass. 

For the integration of the equations of translational motion, the simplest and 

widely used method is the Verlet algorithm.130, 163a The starting point is to 

consider the position of a particle at a time step (Δt) after and before an instant 

t and express it as a Taylor series of time (Equations 2.50 and 2.51, 

respectively). 

 
3

2 3

3

( ) 1 ( )
( ) ( ) ( ) ( ) ( ) ...

2 6

a t d r t
r t t r t v t t t t

dt
            (2.50) 
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( ) ( ) ( ) ( ) ( ) ...
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r t t r t v t t t t
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           (2.51) 

The addition Equations 2.50 and 2.51 leads to Equation 2.52.  

 2( ) 2 ( ) ( ) ( ) ( )( ) ...r t t r t r t t v t t a t t           (2.52) 

 
( ) ( )

( )
2

r t t r t t
v t

t

    



  (2.53) 

At this point, velocities can be computed from the definition of time derivative. 

Equation 2.53 shows that the position of a particle can be computed from the 

position at the two previous time steps. The time-reversibility of the Verlet 

algorithm can also be observed from Equation 2.53. The volume at the phase 

space filled by the points compatible with a given energy remains constant 

under a Verlet time evolution. The main consequence of this fact is one of the 

major advantages of the Verlet algorithm: the energy drift for long time 

simulations will be small. Nevertheless, to compute the position and the 

velocity at a given time, the position at three different moments must be 
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stored, increasing considerably the memory requirements. In order to avoid 

this memory demands, the leapfrog algorithm130, 163a is introduced to compute 

velocities. The starting point in this case consists on considering velocities at a 

half time step before and after the actual instant (Equations 2.54 and 2.55). 

 
( ) ( )

( 2)
r t r t t

v t t
t

  
  


  (2.54) 

 
( ) ( )

( 2)
r t t r t

v t t
t

  
  


  (2.55) 

The subtraction of Equation 2.55 to Equation 2.54 leads to Equation 2.56. 

    2 2 ( )v t t v t t a t t        (2.56) 

In the leapfrog algorithm velocities are computed half time step before and 

after the positions are evaluated. In order to calculate the kinetic energy at 

each time step, it is useful to have the velocities at the same time t at which the 

positions are computed. This can be done by means of Equation 2.57. 

 
( 2) ( 2)

( )
2

v t t v t t
v t

t

    



  (2.57) 

Besides decreasing the storage requirements of the Verlet algorithm, the 

leapfrog algorithm is also time-reversible and it conserves the volume in the 

phase space as well. 

When applying the rigid body approximation, it is possible to study the 

translational motion of the molecules by means of the trajectory of their centre 

of mass (CM). The position and velocity of the CM of a rigid unit (      and      ) 

depend on the coordinates (     ), velocity (      ) and mass (mi) of the N particles in 

the unit (Equations 2.58 and 2.59). Furthermore, the resulting force applied to 

the centre of mass (    ) is the sum of the forces acting on every particle 

belonging to the molecule (  
   ). Equations 2.58-60 define a new set of Newton's 

equations for the translational motion of the rigid body that can be integrated 

by means the leapfrog algorithm. 
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Even if the atoms in a rigid molecule are not allowed to change its relative 

position to the CM, their orientation evolves with time as the molecule rotates. 

Due to the nature of the motion of the rigid body, it is useful to define two 

different frames of reference: the external (ext) and the CM coordinate 

systems. The CM Cartesian frame of reference is centred on the CM and its 

orientation evolves with time as the molecule rotates. So, the coordinates of 

the rigid body are constant in the CM of reference, but they change in the 

external coordinate system. Any Cartesian coordinate system can be 

transformed to another by three successive rotations related to the so-called 

Euler angles. Then, the coordinates on external and centre of mass frame of 

reference are related by the rotation matrix A, as it is shown on Equation 2.61.  

 ·e lr rA   (2.61) 
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A  (2.63) 

For the sake of simplicity, A can be expressed in terms of quaternions179 

(Equations 2.62 and 2.63). 

When analysing the rotation of the rigid body, one of the most important 

physical magnitudes is the angular momentum     (Equation 2.64). 
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The angular momentum is related with the angular velocity (    ) by means of the 

inertia matrix (I), as it is shown in Equation 2.65, where dij represents the jth 

component of the vector   
     and δ is the Kronecker delta function. 
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The coordinate system at which the matrix I is diagonal is chosen as the 

principal frame of reference (p). The choice of this system of reference allows 

simplifying Equation 2.65 into Equation 2.66. 
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If there are external forces acting at different atomic positions of the rigid 

molecule, the resulting torque (  ) around its CM can be expressed as the time 

variation of the angular moment (Equation 2.67). 
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Equation 2.67 can be expressed in the principal frame of reference using 

Equation 2.66, achieving then the Euler equations of motion for      . However, 

DL_POLY Classic uses the quaternion approach, which leads to an equivalent 

expression (Equation 2.68).180  
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Q   (2.68) 

To include the rotational motion in the leapfrog integration Fincham's 

algorithm is implemented.181 In the leapfrog algorithm for the translational 

motion the velocities are calculated half time step before the positions. 

Analogously, in this case, the desired quantities are          and             

             . From   , the orientation of the molecule is known at each time 

step. The evolution with time of the rotational motion is studied through the 

angular velocity, which is directly related with the variation of the quaternions, 

as it is shown in Equation 2.68. Thus, with the aim at computing           and 

             , the starting point is the quaternions vector    at half time step  

after t (Equation 2.69). 

   ( ) ( )· ( )
2 2

ttq t q t t t
   Q   (2.69) 

 

Once            is computed, the matrices A and Q at the same time step can 

be calculated. On one hand, having            allows to go from the external 

coordinate system to the principal frame of reference. Thus, Equation 2.70 can 

be applied to calculate the angular momentum in the external coordinate 

system and, then, Equation 2.71 is used to express it in the principal frame of 

reference. Finally, the components of the angular velocity at half time step are 

obtained by means of Equation 2.72. 

     ( )
2 2e e

t tL t L t t t       (2.70) 

      1 ·
2 2 2p e

t t tL t t L t     A   (2.71) 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter 2: Theoretical Background 

65 
 

 
    , ,

1
2 2p i p i

ii

t tt L t
I

       (2.72) 

On the other hand, having             also makes possible the calculation of 

         . Then,          can be straightforward computed, as indicates 

Equation 2.73. 

    ( ) ( ) ·
2 2

t tq t t q t t t t       Q   (2.73) 

c) Implementation of the Constant Temperature and Pressure Constraints 

c.1) Constant Temperature: Nosé-Hoover Thermostat 

The previously described equations of motion with its corresponding 

implementation in the leapfrog algorithm include no constraints for the 

external properties as temperature or pressure. It is very important to take into 

account such constraints in order to perform MD simulations at the different 

statistical ensembles. For instance, to simulate a canonical or NVT ensemble, 

the number of particles and volume are straightforward kept constant. 

Nevertheless, keeping the temperature constant requires a more sophisticated 

treatment. The Equipartition Theorem (Equation 2.74) relates the temperature 

of the system with the kinetic energy (or velocity) of the particles in the system. 

There are quite simple methods to keep the dynamics of the particles 

compatible with the desired temperature, as the velocity scaling method182 or 

the Andersen approach.183 In the case of the velocity scaling method, the 

strategy consists in scaling the velocities of the system by a factor, chosen to 

achieve the desired temperature. Despite the advantages related to its 

simplicity, this scaling method does not describe the NVT behaviour exactly, 

because, even if the temperature should be constant, the NVT ensemble 

presents energy fluctuations inversely proportional to the number of particles.  

The Andersen method is based on the substitution of a random particle by a 

new velocity, sampled from a Maxwell-Boltzmann distribution. Even if the 

velocity distribution is chosen to be compatible with the desired T0, the velocity 

substitution can lead to a dramatic change in the velocity of a particle in a 

single time step. Such substitution causes the dynamics obtained to be 
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different to the real dynamics of the system and makes the Andersen method 

unsuitable for the study of dynamical properties. 

 21 1

2 2
i Bmv k T   (2.74) 

Extended Lagrangian methods are one of the most interesting approaches for 

NVT MD simulations.163a They consist on the inclusion of extra degrees of 

freedom in the Lagrangian of the system and, then, the new equations of 

motion are derived. For instance, the Nosé-Hoover method includes descriptors 

of the thermal bath as extra degrees of freedom.  

The Nosé method184 considers the physical system coupled with a thermal bath 

with effective mass W and a new degree of freedom (s), which acts as a time 

scaling factor. The exchange of heat due to the interaction between the 

physical system and the thermal bath has an associated energy, which form is 

chosen to respect the microcanonical description. The inclusion of new degrees 

of freedom can be interpreted as a change on the boundaries of our system: 

instead of only considering the physical system, we are considering also the 

heat reservoir as part of our system. Therefore, artificial additional coordinates 

and velocities must be taken into account, as a consequence of the new 

degrees of freedom included. 

The main idea of the Nosé extended-Lagrangian formulation is expressed in 

Equation 2.75 and 2.76 where 
Nosé

L stands for the modified Lagrangian and C is 

a parameter to be determined later. Equations 2.77 are the definition of the 

conjugated moments. 

 2 2 2

1

1
( ) ln

2 2

N
N

Nosé i i B

i

W
m s r U r s Ck T s



   L   (2.75) 

 

2 2

2
1

( ) ln
2 2

N
Ni s

Nosé B

i i

p p
U r Ck T s

m s W

   H   (2.76) 

 

2
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i
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The Hamiltonian shown in Equation 2.76 is used to calculate the partition 

function QNosé in Equation 2.78, where         . If C=3N+1, the canonical 

ensemble functions are recovered. 
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H

H

    (2.78) 

Hoover carried out a simplification of Nosé's method, by introducing on the 

equations of motion the friction coefficient ξ, which will be treated as a new 

variable (Equation 2.79). 

 
' 'ss p

W
    (2.79) 

Introducing the new variable ξ and dropping the primes, we get the new set of 

equations of motion collected on Equations 2.80-83. 

 i
i

i

p
r

m
   (2.80) 

 
( )N

i i

i

U r
p p

r



  


  (2.81) 

 
2

1

1 N
i

B

i i

p
Ck T

W m




 
  

 
   (2.82) 

 
lns d s

s dt
    (2.83) 

The conserved quantity for these equations of motion is shown in Equation 

2.84. It is worth noting that this quantity is conserved along the motion but is 

not properly a Hamiltonian, because no equations of motion can be derived 

from it. 
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2 2

1

' ( ) ln
2 2

N
Ni

Nosé B

i i

p W
H U r Ck T s

m





      (2.84) 

Equations 2.80-82 form a closed set of unique equations that describes the 

motion of a system in the canonical ensemble with the correct scaling of time, 

while Equation 2.83 is redundant. Furthermore, Equation 2.82 can be 

manipulated using Equation 2.74 to achieve a more suitable expression for the 

interpretation of the parameter W (Equation 2.85). Hence, W can be 

interpreted as a parameter of the coupling with the thermal bath. For instance, 

for high values of W, the coupling will be small and, thus, the velocities only are 

altered with small changes each time step and the system is closer to the 

microcanonical ensemble. In contrast, if W is small, the coupling is strong and, 

then, the desired temperature is reached quickly. Usually, instead of 

manipulate the coupling between the physical system and the thermal bath by 

means of the effective mass W, a relaxation time is defined (Equation 2.86). In 

the simulations presented in this Thesis, the thermostat relaxation time is set to 

0.02 ps. 

  0( )d B
inst

N k
T t T

W
     (2.85) 

 2

d B

therm

W

N k T
    (2.86) 

The implementation of the Nosé-Hoover equations of motion in the leapfrog 

algorithm is performed as it is shown on Equations 2.87-91. Those equations 

should be solved on an iterative way to self-consistency. 

  0( 2) ( 2) ( )d B
inst

N k
t t t t t T t T

T
           (2.87) 

  
1

( ) ( 2) ( 2)
2

t t t t t          (2.88) 

  ( 2) ( 2) ( ) ( ) ( )v t t v t t t a t t v t         (2.89) 

  
1

( ) ( 2) ( 2)
2

v t v t t v t t        (2.90) 
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 ( 2) ( ) · ( 2)r t t r t t v t t         (2.91) 

c.2) Constant Pressure: The Andersen Barostat 

The constant temperature on the NVT ensemble is achieved by the coupling of 

the physical system to a thermal bath that alters somehow the velocities of 

particles in order to reach the desired temperature. In order to reproduce the 

dynamics of a physical system at constant pressure, as in the NPT ensemble, 

the coupling of the physical system with an external piston is introduced. This 

piston makes the volume of the box change isotropically in such a way that the 

internal pressure pint reaches the desired reference pressure p0. There are some 

methods to consider also cell shape variations, which are recommended for 

non-homogeneous systems. Nevertheless, in the simulations presented 

throughout this Thesis the cell is cubic and the variation in the volume is the 

same over the three coordinated axes. Andersen implemented the coupling 

with the piston as an extended Lagrangian method, in which the volume has 

been included as a new degree of freedom.183 More precisely, DL_POLY Classic 

package implements the Andersen method through the Martyna approach.185 

The Andersen approach considers a scaling of the     coordinates as it is 

indicated in Equation 2.92. The inclusion of the volume as a new degree of 

freedom adds two extra terms to the system Lagrangian: the kinetic and 

potential energy associated with the piston (the last two terms in Equation 

2.92).  

 
1/3
i

i

r

V
    (2.92) 

 
2/3 2

1/3 2

0

1

( )
2 2

N
Ni i

And

i

V m p M
U V V PV



   L   (2.93) 

From Equation 2.93, the new equations of motion are derived (Equations 2.95-

97), in which Equation 2.94 has been used for the sake of simplicity. 

 

1 ln ( )
( )

3

d V t
t

dt
 

  (2.94) 

 i i ir v r    (2.95) 
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m
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0 1

1
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N

i ij ij

i i j

MV P m v r F
V  

 
    

 
    (2.97) 

Equation 2.97 can be interpreted as the Newton's Third Law for V, as it stands 

for a balance between the external pressure caused by the piston and the 

internal pressure caused by the physical system. 

The Andersen barostat can be coupled to the Nosé-Hoover thermostat in order 

to reproduce the dynamics of a NPT system. DL_POLY Classic performs such 

coupling by means of the Melchionna approach,186 generating a new set of 

equations of motion (Equations 2.98-101). 

 ( )i i i CMr v r R     (2.98) 

 
( )

( )
N

i i

i

F r
v v

m
      (2.99) 

   2

0

1
( ) ( )d B

inst B

N k
T t T M k T

W W
       (2.100) 

  int 0

3
( )

V
P t P

M
      (2.101) 

Analogously to Equation 2.86, a relaxation time for the barostat can be 

established (Equation 2.102). 

 2

0

baros

d B

M

N k T
    (2.102) 

The Andersen-Hoover methodology can also be implemented following the 

leapfrog algorithm. This implementation is summarised on Equations 2.103-110 

and their integration should be performed in an iterative way for self-

consistency. 
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( ) ( 2) ( 2)
2

t t t t t          (2.106) 

   ( 2) ( 2) t ( ) ( ) ( ) ( )v t t v t t a t t t v t           (2.107) 

  
1

( ) ( 2) ( 2)
2

v t v t t v t t        (2.108) 

   ( ) ( ) (t 2) (t 2)· (t 2) RCMr t t r t t v t t r t               (2.109) 

  
1

(t 2) (t) (t )
2

r t r r t        (2.110) 

Finally, from Equation 2.94 it is possible to calculate the volume for the next 

time step, as it is shown in Equation 2.111. 

 
  ( ) ( )exp 3 2V t t V t t t    

  (2.111) 

2.3.2 - Classical Molecular Dynamics Simulations with POMs 

There are several examples in the literature about classical MD techniques 

applied on POM systems, as MD methods are suitable to study the interaction 

of POMs with solvents and different species present in solution. For instance, 

Classical MD simulations have been performed to analyze the behaviour of 

POMs forming dendrizymes187 or in the presence of organic dendrimers.188  

The interaction of POMs with the solvent has also gained relevance. López et al. 

analysed the hydrogen bond formation at different oxygen sites of a Keggin 
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anion in aqueous solution.16c Furthermore, the presence of cationic species in 

solution affects the behaviour of POMs. In 2008, ion pairs between Keggin 

anions and monovalent cations were characterised for the first time.147 

Moreover ion pairs, the presence of cations in solution can also lead to the 

formation of POM assemblies.177, 189 

MD simulations have been also been used to study the adsorption of POMs on 

surfaces. For example, Aparicio-Anglès et al. proposed a reduction mechanism 

for the [α-SiW12O40]
4- Keggin on a silver surface in the presence of potassium 

cations.16a By means of MD the authors studied the location of the cations and 

their exchange with the bulk. Then, these configurations were used to analyse 

the electronic structure by means of DFT.  

The study of encapsulated species in POMs is an important research field in the 

MD domain. For instance, Miró and co-workers studied the water and counter-

ion structures that surround different U systems, namely, [UVIO2]
2+, [(UVIO2)2(µ

2-

-O2)]
2+, [(UVIO2)5(µ

2-O2)5], and [(UVIO2)20(µ
2-O2)30]

20-.190 The authors conclude that 

the latter system encapsulates an ice-like water cluster. Furthermore, 

Fernández et al. analysed the Mo57V6 system, namely, 

[H8Mo57V6(NO6)O183(H2O)18]21-, by means of DFT.16b Then, the authors used MD 

simulations in order to study the behaviour of the 18 water encapsulated in 

different conditions. Fernández and co-workers showed that these 

encapsulated water molecules form a high ordered structure over a wide range 

of temperatures, which influence the interaction with the cations. The Mo57V6 

system can be compared with the Mo132 Keplerate, because of the similar 

building blocks and the (metal)6O6 type pores with crown ether-like structure. 

Regarding the Mo132 capsule, which is the main topic of this Thesis, several 

articles analysing the properties of the encapsulated water molecules by means 

of MD have been published in recent years. Particularly, our group has 

contributed to this topic studying the behaviour of water molecules confined in 

Mo132 capsules with different inner decorations.12a The fact of having formate 

or sulphate ligands changes the cavity sizes, which influences the packing 

density of the water molecules encapsulated. In both cases these 100 water 

molecules encapsulated exhibit a concentric layered structure with icosahedral 

symmetry when cations are prevented to enter into the capsule. In the case of 

formate inner decoration, as the ligands are smaller, four shells are found, two 

of them with under-occupation. In contrast, sulphate inner ligands only allow 
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the formation of three shells and the cavity is completely filled. Furthermore, 

under encapsulation, the three-dimensional hydrogen bond network of bulk 

water is distorted, leading to the concentric layered structure of water.12b The 

water molecules of these layers form three hydrogen bonds, while the 

remaining one links different layers and the hydrophilic POM inner surface. 

Also, the dynamics of the confined water molecules show that almost no 

exchange between layers is observed. In addition, when cavities with formate 

and sulphate ligands are compared, additional degrees of freedom are found in 

the formate case, making the encapsulated water to behave in a more liquid-

like way.12c Moreover, our group has also contributed to the study of the case 

of Mo132 with acetate ligands, regarding the capsule as a nanoreactor where 

catalytic reactions can take places.11b The catalytic behaviour is achieved by 

means of the controlled removal of the acetate ligands, which are substituted 

by labile water ligands. MD techniques were used to check the lability of 

different ligands and the influence that such effect has on the ability of methyl 

tert-butyl ether to enter the capsule.  
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3.1 - Introduction 

Giant molecules, with hundreds of atoms, are a big challenge for electronic 

structure studies. However, Keplerates, considered as giant molecules due to 

its nanometric size, present icosahedral symmetry. Therefore, their 

computational requirements are considerably reduced, making possible to 

perform DFT calculations on this type of molecules. In former studies carried 

out in our group,44 DFT methodology has been employed to study the 

electronic structure of two Keplerate capsules, namely Mo132(µ-O)2 
191 and 

W72Mo60(µ-O)2.
192 Our group used the Amsterdam Density Functional software 

(ADF2009)118 and the VWN functional, together with TZP basis for the metal 

centres and DZP for the remaining atoms. Relativistic corrections were included 

with ZORA.193 Guanidinium counter-cations were included in order to avoid the 

positive orbitals energy characteristic of an anion in the gas phase. After the 

optimisation of the structures at the gas phase, subsequent single point 

calculations with COSMO194 as solvent model have been performed. 

In the last years, new Keplerates systems were synthesised. For instance, the 

sulphur-bridge variants Mo132(µ-S)2 
42 and W72Mo60(µ-S)2 

195 and the mixed 

oxide/sulphide W72Mo60(µ-O)(µ-S).196 Even if it has not been synthesised yet, 

theoretical analysis of the W132 system can be also be performed. Furthermore, 

Leclerc et al. found that in mixed W and Mo pentagons, the W atom is 

preferably found at the central position of the mixed pentagonal units 

[W(Mo5)].
197 This motivates the study of these pentagonal units in the 

Keplerate geometry W12Mo120. Also, Cronin suggested the possibility of the 

existence of a fully oxidised the Mo132(µ-O)2 capsule. Thus, it makes sense to 

perform a systematic study at the DFT level of the electronic structure of 

different examples of Keplerates. 

Furthermore, we wanted to use the geometry and the charge distribution from 

these DFT calculations to perform Molecular Dynamics simulations. Former 

studies have been published, with the participation of our research group, 

using Molecular Dynamics to analyse the layered structure that water 

molecules form inside the Mo132 capsule. In this case, a geometry extracted 

from X-ray experiments and a semiempirical parameterization for the point 
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charges distribution have been used. The study presented in this chapter allows 

us to use the results from DFT (geometry and charge distribution) as input 

parameters for subsequent Molecular Dynamics simulations. 

The present ability to perform geometry optimizations of such big molecules as 

Keplerates with a continuum solvent model, the new Keplerate systems 

synthesised in the last years and the aim to use the DFT results to improve 

Molecular Dynamics simulations are the main motivations to perform the 

studies presented in this chapter.  

3.1.1 - Goals 

New Keplerates are coming. Thus, we present in this chapter a systematic study 

of the Keplerate family to analyse the electronic structure of these systems. 

Therefore, the main goals of this chapter are: 

 Analysis of the effects on the electronic structure of the already known 

Keplerates when some variations in the capsule components take 

place: 

o W/Mo ratio on the metal-oxo framework 

o S or O bridging sites at the linkers 

o Presence of different bidentate ligands 

o Inclusion of coordination waters on the DFT calculations 

 Prediction the theoretical stability in terms of electronic structure of 

some Keplerate systems that have been not reported in the literature 

at the moment. 

o W132 

o W12Mo120 

o Fully oxidised Mo132 
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3.2 - Computational Details 

The standard computational methodology used throughout this chapter 

consists in performing full geometry optimizations by means of the Amsterdam 

Density Functional program (ADF2012).118 With this purpose, the GGA BP86 

functional has been used together with a TZP basis. Also, relativistic corrections 

were introduced by scalar-relativistic zero-order regular approximation 

(ZORA193) and the solvent was represented by the continuum model COSMO194. 

The atomic radii values correspond to the Van der Waals radii from the MM3 

method by Allinger198 divided by 1.2. The numerical integration parameter 

which controls the precision of numerical integrals has been set to 4.5. 

Few calculations related to this chapter were performed at a different DFT 

level. In those cases, it will be indicated when presented. 

3.3 - Results 

3.3.1 - Effects of the DFT functional and the COSMO model 

In the precedent study about the electronic structure of Keplerates,44 the 

optimization of the electron density has been not carried out including solvent 

effects. In order to perform a systematic study of the Keplerate family, the first 

step consists in making a decision about the DFT level that better fits our needs. 

With this purpose, full geometry optimizations of a set Keplerate systems are 

performed, namely: Mo132(µ-O)2,
191 Mo132(µ-S)2,

42 W72Mo60(µ-O)2 
192 and 

W72Mo60(µ-S)2.
195 Those Keplerates were chosen because of their 

representative composition and their already known structure by means of       

X-ray experiments. Four geometry optimizations were performed for each 

system at different DFT levels, with LDA VWN and GGA BP86 functionals, both 

with and without COSMO solvent model. All these calculations were carried 

under constraints of the D5d point symmetry group. Then, we compare our DFT 

optimised geometry with the experimental geometry reported. Such 

comparison was performed evaluating a set of interatomic distances and 

comparing those values with the ones extracted from the X-ray geometry, by 
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means of the statistical variance (σ2), whose expression corresponds to 

Equation 3.1. In this equation, n represents the number of interatomic 

distances taken into account, xi stands for the value of such distances from the 

DFT calculations and µ is the mean value extracted from X-ray results. 

 2 2

1

1
( )

n

i
i

x
n

 


    (3.1) 

Tables 3.1-4 show the interatomic distances considered to compute the 

statistical variance. In these tables, when more than one value is present, they 

represent the minimum and the maximum value obtained for the given 

distance. Furthermore, the σ2 values obtained for each optimization are 

included. The minimum value for σ2 is highlighted in italics. Figure 3.1 explains 

the labels used to represent the interatomic distance. Mcentral represents the 

central metal centre on the pentagon, while Mpenta are the remaining metal 

centres on the pentagon and Mlinker the ones on the linker. Openta are the oxygen 

atoms that link metal centres on the pentagon, while Olinker are the ones which 

join the pentagon and the linker units. Oterm stand for the terminal oxygens, 

which can belong to both the linker and the pentagon. The bridge positions of 

the linkers can be represented by Obridge or Sbridge, depending on the Keplerate 

composition. The diameter of the capsule was interpreted as the distance 

between the terminal oxygens of the central atoms of two opposite pentagons. 

 

Figure 3.1: Schematic representation of the pentagon-linker moiety present on Keplerates, where 
the nomenclature used on Tables 1-4 has been highlighted. It is worth noting that the metal 
centre positions can be occupied by W or Mo atoms depending on the system. Also, there are 
some examples of Keplerates where the Obridge has been substituted by Sbridge. 
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Table 3.1: Mo132(µ-O)2 selected interatomic distance in Å and their statistical variance relative to 

the X-ray mean value (not shown) for different DFT levels.   

Mo132(µ-O)2 LDA 
LDA 

(COSMO) 
GGA 

GGA 
(COSMO) 

Mocentral-Openta 2.01 2.01 2.04 2.03-2.04 

Mopenta-Openta 2.09 2.07 2.12 2.10-2.11 

Mopenta-Oterm 1.71 1.71 1.72 1.72-1.73 

Mocentral-Oterm 1.70 1.69-1.70 1.71 1.709 

Mopenta-Olinker 1.81 1.81-1.82 1.83 1.83 

Molinker-Olinker 2.03 2.01 2.06 2.05-2.06 

Molinker-Molinker 2.61-2.62 2.61-2.62 2.65-2.66 2.64 

Molinker-Oterm 1.70 1.70-1.71 1.71-1.72 1.72 

Molinker-Obridge 1.94 1.94 1.96 1.96 

Obridge-Obridge 2.74 2.77 2.77 2.79 

Diameter 29.06-29.07 28.99-29.98 29.40-29.41 29.52 

σ2 0.000329 0.0496 0.00594 0.00284 
 

Table 3.2: Mo132(µ-S)2 selected interatomic distance in Å and their statistical variance relative to 

the X-ray mean value (not shown) for different DFT levels. 

 

 

Mo132 (µ-S)2 LDA 
LDA 

(COSMO) 
GGA 

GGA 
(COSMO) 

Mocentral-Openta 2.01 2.00 2.03 2.03 

Mopenta-Openta 2.07-2.08 2.06-2.07 2.11 2.10 

Mopenta-Oterm 1.71 1.71 1.72 1.7 

Mocentral-Oterm 1.69 1.69-1.70 1.71 1.711 

Mopenta-Olinker 1.81 1.81 1.83 1.83 

Molinker-Olinker 2.04 2.03 2.09 2.08 

Molinker-Molinker 2.85-2.85 2.84-2.85 2.91 2.91 

Molinker-Oterm 1.70 1.70 1.71 1.72 

Molinker-Sbridge 2.33 2.33 2.36 2.36 

Sbridge-Sbridge 3.58 3.60 3.61 3.63 

Diameter 29.82-29.87 29.82-29.59 30.30-30.34 30.40-30.42 

σ2 0.00205 0.00581 0.00188 0.00634 
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Table 3.3: W72Mo60(µ-O)2 selected interatomic distance in Å and their statistical variance relative 

to the X-ray mean value (not shown) for different DFT levels. 

W72Mo60(µ-O)2 LDA 
LDA  

(COSMO) 
GGA 

GGA 
(COSMO) 

Wcentral-Openta 2.00 2.00 2.03 2.03 

Wpenta-Openta 2.09 2.07 2.12 2.11 

Wpenta-Oterm 1.72 1.72 1.73-1.74 1.74 

Wcentral-Oterm 1.71 1.71 1.72 1.72 

Wpenta-Olinker 1.81 1.81 1.82-1.83 1.83 

Molinker-Olinker 2.04 2.03 2.09 2.07-2.08 

Molinker-Molinker 2.59 2.58 2.63 2.62 

Molinker-Oterm 1.70 1.70-1.71 1.71 1.72 

Molinker-Obridge 1.93-1.94 1.94 1.95-1.96 1.96 

Obridge-Obridge 2.75 2.77-2.78 2.78 2.82 

Diameter 28.94-28.97 28.91-28.96 29.41-29.42 29.47-29.50 

σ2 0.00165 0.00321 0.0152 0.00315 
 

Table 3.4: W72Mo60(µ-S)2 selected interatomic distance in Å and their statistical variance relative 

to the X-ray mean value (not shown) for different DFT levels. 

W72Mo60(µ-S)2 LDA 
LDA  

(COSMO) 
GGA 

GGA 
(COSMO) 

Wcentral-Openta 2.00 2.00 2.03 2.03 

Wpenta-Openta 2.08 2.07 2.12 2.11 

Wpenta-Oterm 1.72 1.73 1.74 1.74 

Wcentral-Oterm 1.71 1.71 1.72 1.72 

Wpenta-Olinker 1.81 1.81 1.82-1.83 1.83 

Molinker-Olinker 2.06 2.05 2.11 2.10 

Molinker-Molinker 2.83-2.84 2.83-2.84 2.89-2.90 2.90 

Molinker-Oterm 1.70 1.70-1.71 1.71 1.72 

Molinker-Obridge 2.32-2.33 2.33 2.35 2.35-2.36 

Sbridge-Sbridge 3.58 3.59-3.60 3.61 3.62 

Diameter 29.92-29.95 29.91-29.93 30.40-30.46 30.50-30.51 

σ2 0.000719 0.00376 0.000684 0.00418 
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Considering the statistical variance values showed on Tables 3.1-4, the lower 

values and, thus, the best fitting with X-ray results, is for LDA or GGA 

functionals, depending on the system. But all the σ2 values are almost of the 

same order of magnitude and quite low for all the cases studied. Furthermore, 

the largest absolute change with respect X-ray results are related to the 

diameter of the capsule. Even if the difference is larger than for other 

interatomic distances, the relative error is smaller, because diameter is one 

order of magnitude larger than the other interatomic distance considered. 

Nevertheless, the presence of a continuum solvent model is needed to place 

the electronic levels at a proper energy value.199 Otherwise, at the gas phase, 

the electronic levels of the anion will be positive, in total disagreement with 

experimental electrochemical results. This COSMO effect is shown in Table 3.5, 

comparing the electronic levels energy of the calculations with and without 

solvent model. 

Table 3.5: HOMO, LUMO and the corresponding gap values (in eV) for the four Keplerates 

analysed at different DFT levels. 

 
LDA LDA (COSMO) 

HOMO LUMO Gap HOMO LUMO Gap 

Mo132(µ-O)2 4.6 5.6 1.0 -5.6 -4.6 1.1 
W72Mo60(µ-O)2 4.6 6.0 1.4 -5.7 -4.1 1.6 
Mo132(µ-S)2 4.3 5.7 1.4 -5.8 -4.3 1.5 

W72Mo60(µ-S)2 4.2 6.1 1.8 -5.8 -3.9 1.9 

 
GGA GGA (COSMO) 

HOMO LUMO Gap LUMO HOMO Gap 

Mo132(µ-O)2 4.6 5.7 1.0 -5.6 -4.5 1.1 
W72Mo60(µ-O)2 4.5 6.0 1.5 -5.7 -4.0 1.6 
Mo132(µ-S)2 4.3 5.7 1.4 -5.7 -4.3 1.5 

W72Mo60(µ-S)2 4.2 6.0 1.9 -5.8 -3.9 1.9 

 

Table 3.5 shows that, with COSMO, LDA and GGA functionals give the same 

results in terms of HOMO-LUMO gaps. It is worth noting that GGA functionals, 

even if, generally, they do not give very accurate results in terms of absolute 

energy values, they are quite good at describing electronic structure and gap 

trends. Our systematic study has the main goal to compare the electronic 

structure among the Keplerate family. Hence, we are more concerned about 

the HOMO-LUMO trend than about the exact energy values. For those reasons, 
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the DFT level chosen to perform such study will involve a GGA functional (BP86) 

together with the COSMO continuum solvent model. Furthermore, this is the 

highest DFT level that we can reach for these systems nowadays. 

3.3.2 - Electronic Structure of Well-Known Keplerate Systems 

The electronic structure of Keplerates is a good example of the typical profile of 

polyoxometalates. One of the most useful tools to study the electronic 

structure is the Density of States (DOS). The DOS is a function that represents 

the number of electronic levels per energy unit. In the case of atoms or small 

molecules, the distribution of energy levels is discrete. In the case of solids, the 

contribution of the different units overlaps, resulting on a band structure. 

Keplerates are discrete molecules, but with a huge number of atoms and 

electrons. Such electron population leads to an overlap of electronic levels 

similar to the one observed in solids. The Total Density of States (TDOS) 

includes all the energy levels available for the molecule. In contrast, the Partial 

Density of States (PDOS) gives the contribution to the TDOS of a specific type of 

atom.  

Figure 3.2 shows, as an example, the Mo132 DOS from -30 eV to 10 eV. The 

deepest band in Figure 3.2 corresponds to the 2s orbitals from the oxygen 

atoms (Figure 3.3a). Figure 3.2 also shows the characteristic oxo-band of 

polyoxometalates. The oxo-band includes the p orbitals of the different oxygen 

atoms types present on Mo132 (Figure 3.3b, c, d, and e). The HOMO band is 

composed of the 60 d orbitals of the MoV atoms of the 30 linkers. Those 

orbitals form the metal-metal bond between the linker metal centres (Figure 

3.3f). Finally, the LUMO band includes all the d orbitals from the pentagon Mo 

atoms (Figure 3.3g). 
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Figure 3.2: Representation of the Mo132 DOS as a function of the energy. The energy range 
comprises from -30eV to 10eV. Total Density of States (black) and Partial Density of States (red 
for Mo and grey for O) are represented together. 

 

Figure 3.3: Examples of different types of Mo132 orbitals. a) s oxygen orbitals, corresponding to 
the deepest band on Figure 3.2. b, c, d, e) p oxygen orbitals belonging to the oxo-band. f) HOMO 
band orbital, corresponding to the metal-metal bond, which involves the d orbitals of the linker 
Mo atoms. g) LUMO orbital related to the d orbitals of the pentagon Mo atoms. Note that for the 
LUMO orbital different colours were used to highlight the fact that this is a non-occupied orbital. 
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Mo132(µ-O)2 is the most well-known Keplerate, but some changes in its 

composition can lead to other family members (Figure 3.4).  For example, if the 

pentagonal metal centres are changed from Mo to W, the resulting structure is 

the W72Mo60(µ-O)2 system. For both Mo132 and W72Mo60 capsules, bridges 

positions on the linkers can be substituted from O to S, reducing the pore size.  

 

Figure 3.4: Schematic representations of the differences between four members of the Keplerate 
family. Red moieties represent Mo based pentagons; while dark blue is reserved for the W based 
ones. Light blue linkers are the ones with oxo-bridges, while the yellow linkers, these oxygen 
atoms have been substituted by sulphur. 

Furthermore, in 2013 a mixed sulphur-oxo bridges Keplerate was synthesised 

for the first time.196 In the case of this mixed-bridges Keplerate, Schäffer and 

co-workers were able to obtain an X-ray structure. The X-ray data presents 

crystallographic disorder in the bridge positions, while the metal-metal bond 

distance was the same for all the linkers. In other words: all the linkers are 

composed by one sulphur- and one oxo-bridge. The inherent disorder leads to 

different isomeric possibilities. 
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Figure 3.5: a) Schematic representation of the different pore possibilities with the mixed-bridges 
linkers. The complete structure used on the geometry optimizations comprises the three 
pentagons and the three linkers surrounding the pore. The energies in eV represent the 
difference between the most stable configuration (B) and the remaining possibilities. b) 
Representation of the irreducible fragment used to generate the S6 symmetric Keplerates with 
mixed bridges. Note that this unit can be described by means of the combination of two pores. 
The fragment shown in this figure is an A+D structure. 

Table 3.6: Bonding energy and HOMO-LUMO gap (in eV) for different examples of the computed 
mixed-bridges Keplerates. The bonding energy values are referred to the first system, which is 
the one that shows the lowest value. 

Irreducible  
Fragment 

Pore Composition 
(#A, #B, #C, #D) 

Bonding Energy 
(eV) 

HOMO-LUMO gap 
(eV) 

B+C (8,6,6,0) 0 1.76 
A+B (6,2,12,0) +0.4 1.74 
A+C (2,6,12,0) +0.6 1.73 
B+D (2,0,12,6) +0.1 1.75 
C+C (2,0,12,6) +0.4 1.74 
C+A (6,2,12,0) +0.4 1.73 
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Table 3.7: Comparison between the experimental X-ray and theoretical DFT (GGA BP86 with 
COSMO) results in terms of evaluating a set of interatomic distances. The labels for this distance 
are explained in Figure 3.1. When two distances appear, they represent the maximum and the 
minimum value founded for the DFT results. Also, the σ

2
 value has been highlighted in bold.  

W72Mo60(µ-O)(µ-S) Experimental GGA (COSMO) 

Wcentral-Openta 2.02 2.02-2.03 

Wpenta-Openta 2.05 2.09-2.12 

Wpenta-Oterm 1.71 1.74 

Wcentral-Oterm 1.54 1.72 

Wpenta-Olinker 1.79 1.82-1.83 

Molinker-Olinker 2.07 2.01-2.12 

Molinker-Molinker 2.68 2.73-2.74 

Molinker-Oterm 1.66 1.72 

Molinker-Obridge 1.89 1.95-1.96 

Molinker-Sbridge 2.36 2.36 

Sbridge-Obridge 3.24 3.23-3.24 

Diameter 28.68 29.72-29.84 

σ2  0.0122 

 

In order to evaluate if there is a preferred structure among the mixed-bridge 

isomers, the stability in terms of bonding energy of the different pore 

configurations is evaluated, taking into account all the possible combinations 

for the linker bridges (Figure 3.5a). The complete optimised pore systems 

comprises three pentagonal units [(MoVI)MoVI
5O21] and three linker moieties 

[MoV
2O2(µ-O)(µ-S)], resulting in a charge of -12. The bonding energy for these 

four pores is pretty much the same, which means that all the possibilities 

should be equally likely. Therefore, any combination of the mixed-bridges 

linkers will lead to Keplerates with equivalent stability. To check such 

hypothesis, some examples of the mixed-bridges Keplerate are studied.  The 

systems chosen have a different proportion of the pores described in Figure 

3.5a. The Keplerate structures were generated from the irreducible unit that 

leads to the highest symmetry possible (S6). The irreducible fragment can be 

described in terms of two types of pores, whose combination lead to the 

structure shown in Figure 3.5b. There are 14 pore combinations possible, 

resulting in 10 different systems and 2 pairs of chiral structures. As the ADF 

software does not allow performing optimizations under the constraint of a S6 

point symmetry group, Ci was used instead. Table 3.6 collects the information 
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about bonding energy and HOMO-LUMO gap for some examples of these 

mixed structures studied. Results from Table 3.6 show that the stability of 

mixed-bridges systems is pretty much the same. Thus, in order to study the 

electronic structure, the system of the first row in Table 3.6 will be taken as a 

representative example. The geometry of such system was compared with the 

X-ray results from Schäffer et al. with the same procedure followed for Tables 

3.1-4 (Table 3.7). 

 

Figure 3.6: HOMO (pink) and LUMO (violet) energies (in eV) and its corresponding gap value for 
the Mo132 and W72Mo60 systems with bridge positions occupied by O or S atoms. 

Figure 3.6 shows how the ratio of W/Mo in the pentagonal units and S and/or O 

bridges in the linkers affect the HOMO-LUMO gap and, then, the stability of the 

system: the gap increases with the presence of W and S. The presence of W 

makes the LUMO level higher, because this level is related to the d orbitals of 

the metal centres on the pentagon (Figure 3.3g). As the LUMO energy is less 

negative than in the case of Mo-Mo linker bonds, the W-W bond would be 

easier to oxidise. The fact of having sulphur-bridges in the linkers makes the 

HOMO level decrease, as the HOMO level is related to the metal-metal bond on 

the linkers. When there are sulphur-bridges, the distances between these two 

metal centres changes from 2.64 Å to 2.91 Å, making the metal-metal bond 
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weaker. Nevertheless, the fact that the HOMO level in such case is lower is a 

consequence of the influence of the bridging sites to the metal-metal bond. 

Summing up, regarding the HOMO-LUMO gap, W72Mo60(µ-S)2 is the most stable 

system of the studied set.  

 

Figure 3.7: DOS for different Keplerates, including TDOS (black) and PDOS (red for Mo, yellow for 
W, grey for O and dark blue for S). The constant HOMO level has been highlighted.  

Figure 3.7 compares the DOS for the set of Keplerates whose HOMO-LUMO gap 

was represented in Figure 3.6. Starting from the left, the first system Mo132(µ-

O)2 has already been analysed as an example of POM and Keplerate DOS 

(Figure 3.2).  Figure 3.7 shows that the DOS of the Keplerates with W pentagons 

and sulphur bridges are quite similar, in terms of the HOMO and LUMO levels 

and the presence of the oxo-band. Nevertheless, there are some differences. 

The most remarkable feature is the appearance of new bands related to S 
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orbitals (Figure 3.7b, d, and e). The 3s sulphur orbitals are located between the 

2s O orbitals band and the oxo-band. Also, p orbitals related to these sulphur-

bridges are found between the oxo-band and the HOMO band. 

 

Figure 3.8: MEP plotted as a projection onto the electronic density for the Keplerates with Mo or 
W pentagons and S and/or O linker bridges.  

 

Figure 3.9: Highlight on  the MEP of the Mo (right) and W (left) based pentagonal units. 

Besides DOS, Molecular Electrostatic Potential (MEP) is also a good tool to 

evaluate the effects of the different composition of Keplerates would have on 

the external properties of the systems. With this purpose, the electrostatic 

potential is projected onto the electronic density (Figure 3.8). In Figure 3.8, red 

colour indicates negatively charged regions, while blue represents positively 
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charged areas. All the five systems studied showed a very similar MEP potential 

pattern, which means that they should have very resembling similar external 

properties and, therefore, quite similar self-assembly behaviour in order to 

form supramolecular structures, such as blackberries.200 In spite of the very 

similar MEP patterns, there are some differences on the systems studied. When 

pentagons are formed of W atoms, the oxygen atoms that link those metal 

centres are less negatively charged than when Mo is present. This effect, 

highlighted in Figure 3.9, is due to the different properties of Mo-O and W-O 

bond, resulting on less basic oxygens. But the most remarkable difference 

between the MEP showed in Figure 3.8 is the change of the electrostatic 

potential when sulphur-bridges are formed. Also, the change on the pore size 

can be appreciated. Such changes in the pore imply differences in the pore-

cation interactions. 

3.3.3 - Not Empty Capsules: Presence of Ligands and 

Coordination Water Molecules 

All the systems described in the previous section have been considered as 

empty capsules, which means that the POM has been treated as a polyanion 

with a charge of -12 and only the metal-oxo framework has been taken into 

account. Such approach is just an approximation used to evaluate the capsule 

stability. To improve this model and check if a more realistic description could 

influence our stability results, a different bidentate ligands have been 

considered decorating the inner surface of the Mo132(µ-O)2 capsule. Those 

ligands are experimentally known to be weakly attached to the linkers and they 

make these capsules even more negatively charged. The geometry 

optimizations performed for the system composed of Mo132(µ-O)2 and 30 

ligands were carried out at the standard DFT level. To reduce the 

computational cost, these optimizations were carried under constraints of a Ci 

point symmetry group, with the exception of formate, carbonate and sulphate 

ligands without coordination waters. The fact that these ligands present a plane 

of symmetry, allows keeping the D5d point symmetry group of the Keplerate 

system. 
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Figure 3.10: DOS examples of three different types of Mo132(µ-O)2: the empty capsule (a), with a 
charge of -12; the decorated with 30 formate ligands system (b), resulting on a charge of -42, 
and, finally, with 30 carbonate ligands (c), with a charge of -72. Total density of states (TDOS, 
black) has been represented together with the partial density of states (PDOS) for all the type of 
atoms present on those systems (Mo (red), O (grey), C (green) and H (white)). 

In the presence of ligands, the electronic levels of the Mo132 Keplerate are 

shifted up, because of the change on the molecular charge (from -12 to -42 or   

-72, depending on the ligand charge). The larger the ligand charge, the larger 

the shifting: for the -42 systems the DOS displacement is around 1 eV, while for 

-72 systems it is about 1.5 eV. The different shifts depending on the charge can 

be observed on the DOS plotted on Figure 3.10. Furthermore, the inclusion of 

ligands alters the DOS of the Mo132 capsule as well, as new electronic levels 

must be taken into account. For instance, comparing Figure 3.10a and b shows 
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how the inclusion of formate ligands gives rise to a new set of levels between 

the deep 2s O orbitals and the oxo band.  

 

Figure 3.11: HOMO (pink), LUMO (violet) and the corresponding gap for the Mo132(µ-O)2 systems 
empty and coordinated with different bidentate ligands. The label "+H2O" indicates that, in 
addition of the mentioned ligands, 72 water molecules have been considered coordinated to the 
pentagon metal centres. 

Regarding the HOMO and LUMO levels, Figure 3.11 shows that there is almost 

no change in the gap when different inner ligands are considered. For instance, 

the empty Mo132 capsule has a gap of 1.1 eV. When acetate, bicarbonate, 

bisulphate, acrylate, and formate groups are acting as internal ligands the 

system presents almost the same gap (1.1 eV for all the mentioned systems 

except for the bisulphate case, for which the computed gap is 1.0 eV). A very 

similar behaviour is found when divalent ligands are considered. SO4
2-, SO3

2- 

systems have a gap about 1.1 eV. A slight increase of the HOMO-LUMO gap is 

found for the case of carbonate ligands (1.2 eV). The fact that the Mo132 capsule 

keeps almost constant its HOMO-LUMO gap when changing the inner surface 

decoration means that the system's stability is given by the inherent POM's 

stability and it is almost independent on the particular features of the specific 

ligands considered. In addition, in the case of formate and carbonate ligands 

the presence of coordination water molecules has been considered. The 

inclusion of such water molecules does not affect the HOMO-LUMO gap, but 

the DOS is shifted up less than 1 eV.  
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3.3.4 - Predictions 

All the structures presented on the previous section were already characterised 

by means of X-ray experiments and reported in the literature. Nevertheless, 

there are more composition variants that can be performed and studied from a 

theoretical point of view. In some cases, there are experimental leads that 

support our results. This section aims at evaluating the theoretical stability of 

these new systems in terms of their electronic structure, i.e. the HOMO-LUMO 

gap. 

 

Figure 3.12: HOMO (pink), LUMO (violet) and the corresponding gap for the empty Keplerate 
systems presented in previous section compared with the new ones proposed in this section. 

Keplerates with W atoms hitherto introduced present W atoms only at the 

pentagonal motifs. So, the question that naturally arises is what would happen 

when the 132 metal centres were occupied by W instead of Mo (W132). 

Furthermore, in 2009, Leclerc et al. demonstrated that adding molybdate on 

the [HBW11O39]
8- ion leads to the formation of mixed pentagonal units 

[W(Mo5)], in which the W atom is preferably located at the central position of 

the pentagon.197 Hence, the possibility of having this type of mixed pentagons 

in Keplerates (W12Mo120) has been checked as well. Both systems, W132 and 
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W12Mo120, have been computed at the standard DFT level with sulphur and oxo-

-bridges. 

 

Figure 3.13: DOS comparison between the W132 and W12Mo120 systems with sulphur and oxo-
bridges. TDOS (black) and PDOS (red for Mo, grey for O, blue for S and yellow for W) are 
represented together. 

Figure 3.12 compares the HOMO and LUMO results of these new systems with 

the Keplerate systems presented in the previous section. Furthermore, Figure 

3.13 collects the DOS representation for these new systems. The most 

remarkable result is that the HOMO level is not constant anymore for the W132 

systems. This is because of the fact that the HOMO level is related to the metal-

metal bond that involves the metal centres on the linker (Figure 3.3f). Hence, 

changing from Mo linkers to W linkers strongly affects bond properties, making 
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the HOMO level higher in energy. Nevertheless, the LUMO level, related to the 

pentagon metal centres (Figure 3.3g), is also higher in the case of W pentagons. 

Consequently, the HOMO-LUMO gap for the W132 systems is the same that for 

Mo132 systems. In the case of mixed pentagonal motifs, both the HOMO and 

LUMO levels are very similar to the Mo132 systems. The LUMO orbitals involve 

the metal centres from the pentagon, except the central position (Figure 3.3g). 

Thus, changing this central position from Mo to W does not affect the LUMO 

energy. So, the mixed pentagon systems W12Mo120 will have a very similar 

stability to the Mo132 capsule. Furthermore, it is worth noting that the trend 

observed on the previous systems of increasing the HOMO-LUMO gap by 

introducing sulphur-bridges is still present. 

Table 3.8: Comparison between the experimental X-ray results and the geometry optimised by 
means of DFT (GGA BP86 with COSMO) for W12Mo120(µ-S)2. The labels used to describe the 
interatomic distance are explained in Figure 3.1. When two values appear for a same distance, 
they represent the maximum and minimum values found for the optimised geometry. 
Furthermore, the statistical variance has been highlighted in bold. 

W12Mo120(µ-S)2 Experimental GGA (COSMO) 

Wcentral-Openta 2.03 2.02-2.03 

Mopenta-Openta 2.04 2.11 

Mopenta-Oterm 1.76 1.73 

Wcentral-Oterm 1.72 1.73 

Mopenta-Olinker 1.81 1.83 

Molinker-Olinker 2.06 2.08 

Molinker-Molinker 2.84 2.91 

Molinker-Oterm 1.68 1.72 

Molinker-Sbridge 2.32 2.36 

Sbridge-Sbridge 3.66 3.62 

Diameter 29.75 30.45-30.48 

σ2  0.00563 

 

Moussawi, from the group of Molecular Solids in the Institute Lavoisier 

(University of Versailles-Saint Quentin), was able to synthesise and isolate 

crystals of W12Mo120(µ-S)2 with W at the pentagonal central position.201 

Preliminary X-ray results allow us to perform the geometry comparison with 

our DFT calculations following the same procedure of Tables 3.1-4 and 3.6. 

Such comparison by means of the evaluation of certain interatomic distances is 

shown in Table 3.8.  
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Figure 3.14: Ball and sticks representation of a model structure used in the study of the 
pentagonal motifs. The six metal centres (in violet) can be occupied by both W and Mo atoms. 
Red balls represent oxygen atoms while white is reserved for the capping hydrogen atoms.  

As the results of our experimental collaborators show a trend for the W atom 

to be located at the central site of the pentagonal units, different pentagonal 

motifs have been checked at the standard DFT level. The pentagonal structures 

analysed have an increasing number of W atoms, starting with a Mo based 

pentagon and changing one by one the remaining metal centres by W atoms. 

Furthermore, the oxygen atoms that should be linked to other fragments of the 

POM have been capped with hydrogen atoms (Figure 3.14). It is worth noting 

that for each W/Mo ratio the different isomeric possibilities are checked as 

well. Figure 3.15 shows the schemes for the different W/Mo ratios and their 

corresponding isomers. 

The 16 possible structures for the mixed pentagonal building block shown in 

Figure 3.15 have been optimised at the standard DFT level to obtain their 

bonding energy and the HOMO and LUMO energies, in order to explain the 

experimental observed trend for the W to be located at the central position of 

the pentagonal motifs. Numerical values for the bonding energy (ΔE), HOMO 

and LUMO energies, and the corresponding gap are collected in Table 3.9. It is 

worth noting that the HOMO energy keeps constant as increasing the number 

of W atoms of the pentagonal unit.  
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Figure 3.15: Schematic representations of the isomers of the pentagonal units (see Figure 3.14 
for the general detailed structure) arising from the possibility of locating W and Mo atoms at 
metal sites in the pentagonal motifs for different ratios of W/Mo.  

Table 3.9: Numerical values in eV for the bonding, HOMO and LUMO energies, and the related 
gap for the 6 possible pentagon configurations and their corresponding isomers. 

Pentagonal unit Isomer ΔE (eV) HOMO (eV) LUMO (eV) Gap (eV) 

Mo6 - -229.3 -9.4 -6.4 3.0 
Mo5W A -230.8 -9.4 -6.4 3.0 

 
B -230.7 -9.4 -6.4 3.0 

Mo4W2 A -232.3 -9.4 -6.4 3.0 

 
B -232.2 -9.4 -6.3 3.1 

 
C -232.2 -9.4 -6.3 3.1 

Mo3W3 A -233.8 -9.4 -6.4 3.0 

 
B -233.8 -9.4 -6.3 3.1 

 
C -233.7 -9.4 -6.3 3.0 

 
D -233.7 -9.4 -6.1 3.3 

Mo2W4 A -235.3 -9.4 -6.1 3.2 

 
B -235.4 -9.4 -6.1 3.3 

 
C -235.4 -9.4 -6.0 3.4 

MoW5 A -236.7 -9.4 -6.1 3.3 

 
B -236.8 -9.4 -5.7 3.7 

W6 - -238.3 -9.4 -5.6 3.8 
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Figure 3.16 and 3.17 represent the bonding energy and the HOMO-LUMO gap, 

respectively, as a function of the number of W atoms in the pentagonal motif. 

Figure 3.16 shows that the substitution of a Mo atom by a W atom decreases 

the bonding energy on 1.5 eV, independently on the number of W atoms 

already present in the pentagonal moiety and on the position of new W atom. 

The HOMO-LUMO gap trend (Figure 3.17) also shows an increase of the 

stability of the pentagon as the number of W atoms increases. Both trends in 

the bonding energy and in the HOMO-LUMO gap are justified in terms of the 

strength of the W-O bond compared with the Mo-O bond.  

Moreover, no special preference for the W atoms to be located at the central 

position of the pentagonal unit is observed. For a given number of W atoms, we 

find that the bonding energy has the same value for all the isomers. In terms of 

the HOMO-LUMO gap, even if in some cases different values are associated to 

each isomer, the highest gap does not match with the W at the central site. 

Further studies, both theoretical and experimental, must be performed in this 

context in order to shed some light on these new pentagonal structures. 

 

 

Figure 3.16: Bonding energy in eV for the pentagonal systems on Figure 3.15 as a function of the 
number of W atoms. 
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Figure 3.17 Representation of the HOMO-LUMO gap for the pentagonal motifs on Figure 3.15 as 
a function of the number of W atoms. 

Finally, following a suggestion from Cronin (University of Glasgow, UK), we have 

studied the electronic stability of the fully oxidised Mo132. The partially oxidised 

Keplerate [Mo132(µ-O)2]
12- present MoV in the linkers and MoVI in the pentagonal 

units, while the fully oxidised Keplerate [Mo132(µ-O)2]
48+ has only MoVI at all the 

metal positions, including the linkers. Such change on the oxidation state of the 

Mo in the linkers makes the system charge change from -12 to +48. 

Cronin group are experts on Electrospray Ionization (ESI) Mass Spectrometry 

(MS). ESI consists on applying a high potential to the liquid solution of the 

sample, in order to obtain very charged droplets (aerosol). Then, these droplets 

are analysed in a mass spectrometer. The MS principle consists on the fact that 

particles with different charge/mass ratio will have different trajectories in the 

presence of a magnetic field (Lorentz law), which makes possible to be 

separately detected. ESI-MS experiments of a partially oxidised solution of 

Mo132(µ-O)2 suggested the existence of the fully oxidised variant. 202  
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Figure 3.18: HOMO (pink), LUMO (violet), and the corresponding gap for the partially oxidised 
Mo132 oxo-Keplerate and the fully oxidised version (empty and with OH

-
 groups acting as ligands). 

Firstly, we have analysed the electronic structure of the [Mo132(µ-O)2]
48+ as an 

empty capsule at the standard DFT level, resulting on a HOMO-LUMO gap of 1.6 

eV (Figure 3.18). Such gap value represents an increase of 0.5 eV with respect 

to the partially oxidised Keplerate, which means a larger stability from an 

electronic point of view. The change from MoV to MoVI linkers means removing 

the electrons involved in the metal-metal bond in the linkers. In the case of 

[Mo132(µ-O)2]
12-, these electrons were occupying the HOMO level. Once they 

are removed, the space between the LUMO level and the new HOMO level 

increases, resulting on a larger gap. Such gap increase can be observed in Figure 

3.18, as well as in Figure 3.19a and b, in which the DOS of these two systems 

are plotted. If the oxidation process takes place on the thio-Keplerate instead 

of the oxo capsule, this gap increase will not be as large, because of the 

presence of the S orbitals just below the HOMO level (Figure 3.7b). It is worth 

noting that, because of the different electrostatic charge, the DOS of the fully 

oxidised Mo132(µ-O)2 is shifted down 4 eV with respect to the partially oxidised 

one. Moreover, there are some geometric differences between the partially 

and fully oxidised Keplerates related to the lake of metal-metal bond on the 

linkers: the distance between the metal centres will change from 2.6 Å to 3 Å as 
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a consequence of the removal of the electrons related to the metal-metal bond 

in the linkers. 

 

Figure 3.19: DOS for Mo132 oxo-Keplerate partially and fully oxidised (empty and with OH
-
 groups 

acting as ligands). TDOS (black) and PDOS (red for Mo, grey for O and white for H) are 
represented together. 

Comparing the HOMO and LUMO levels of the empty partially and fully oxidised 

Mo132(µ-O)2 (Figure 3.19a and b respectively) we observe that for the fully 

oxidised Keplerate, even if the gap is larger, the so negative HOMO and LUMO 

energies cause the system to be strongly oxidant. Furthermore, the m/z ratio of 

the fully oxidised Mo132 presented at the moment does not match with the ESI-

MS experiments performed by the University of Glasgow group.202 Therefore, 

we propose a new configuration for this system with 2 OH- groups acting as 

internal ligands for each linker. If, in addition to these 60 OH- groups, we 

consider also 20 water molecules (for instance, one at each pore) the m/z ratio 

is 1666.3836, which is in very close agreement with the ESI-MS experiments. 
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A partial geometry optimization followed by a single point calculation of the 

Keplerate and 60 OH- groups has been performed. These results are shown in 

Figure 3.18 and Figure 3.19. The DOS of this system is not shifted down with 

respect the original capsule as much as the empty fully oxidised Keplerate, 

because the charge with OH- groups is -12 instead of +48. Furthermore, the 

HOMO-LUMO gap is slightly smaller than the partially oxidised Keplerate, 

because the presence of the OH groups leads to the emergence of new orbitals 

at a very similar place that the HOMO level in the original system (Figure 3.19c). 

It is worth noting that the fully oxidised Mo132 results presented in this chapter 

are preliminary results, as experimental structure is needed in order to make 

better theoretical approximations. 

3.3 - Conclusions 

 The highest DFT approach that we have access to nowadays for 

performing the systematic study of the Keplerate family comprises a 

GGA functional (BP86) together with a continuum solvent model 

(COSMO).  

 All the Keplerate family members present similar electronic structure 

profiles (DOS and HOMO-LUMO gap). 

 The presence of W pentagons and sulphur-bridges increases the 

HOMO-LUMO gap, and, thus, the system's stability. 

 The inclusion of bidentate ligands and coordination water molecules in 

our model does not affect the HOMO-LUMO trend: the capsule's 

stability is what determines the system's stability. 

 Other Keplerate systems, not reported on the literature yet, as W132 

and W12Mo120 are stable from an electronic and theoretical point of 

view. 

 The fully oxidised version of Mo132(µ-O)2 shows a larger gap that the 

partially oxidised one. This means that the fully oxidised variant is also 

stable from an electronic and theoretical point of view. Nevertheless, 

more experiments are needed in order to achieve an experimental 

structure that could help us to improve our model. 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



 

105 
 

 

 

 

Chapter 4: Interaction between 

the Mo132 Capsule and its 

Internal Ligands 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



 

106 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter 4: Interaction between the Mo132 Capsule and its Internal Ligands  

107 
 

 

4.1 - Introduction 

As it was mentioned in the General Introduction, in Mo132 and W72Mo60 species 

the ligands L in the linker units (MoV
2(µ-X)2O2(L

n-), X=O, S) are bidentate oxygen 

donor anions such as formate,21a, 203 acetate,50b, 204 sulfate,205 sulfite,64 

hipophosphite,50b, 206 carbonate,10a etc. From a pure electrostatic point of view, 

it seems non rational that a large number (30 units) of anionic           ligands 

(charge -1, -2) coordinate to the anionic capsule 

[(MoVI(MoVI)5O21(H2O)6)12(MoV
2(µ-O)2O2(L

n-))30]
(12+n)-, which formally holds a 

charge of -12. The whole system raises then its charge to  -42 or -72 upon 

ligands coordination. Actually, the inner surface of the capsule offers many 

coordination sites. The coordinatively unsaturated MoV atoms in the linkers are 

the anchoring points for the bidentate ligands, provided that the MoVI ions in 

the pentagonal motifs coordinate water molecules. This is likely the situation 

ever observed in X-ray crystal structures, so our models will rely on this 

observation.  

In Chapter 3, we studied the electronic structure of the whole Keplerates 

family, and for Mo132, with and without inner ligands (Figure 3.11, Chapter 3). It 

was found that the presence of ligands in the linker units has little effect on the 

electronic structure in terms of its HOMO-LUMO gap, which remained almost 

constant along the ligand series. A global shift up of all orbital energies was 

observed, which is dependent on the ligand charge, but that does not affect the 

nature of the molecular orbitals in a significant extent. This indicated that, 

although ligands coordinate to the capsule, their interaction should not be very 

strong. 

In this chapter we aimed at studying the interaction between the Mo132 capsule 

and different types of ligands, in terms of a bonding energy decomposition 

analysis. This procedure enables decomposing the energy changes upon 

bonding of two atomic or molecular fragments in several energy terms: steric 

interaction (Pauli repulsion and electrostatic interaction), orbital interaction 

and difference in solvation energy. This sort of analysis is largely dependent on 

the model used. Given the ionic nature of the capsule components, the most 

important variable for defining fragments as models is the total charge of the 
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distinct parts. Therefore, we choose to define simple models to check their 

validity instead of taking into account the whole capsule, both for the sake of 

simplicity and computational costs. Firstly, we built a model comprised of a 

linker unit and two pentagonal units, namely [(H8MoVI
6O21)2(MoV

2O4)]
6+, which 

were protonated in the terminal oxygens to saturate the dangling bonds. 

Although this model retains the main characteristics of the linker’s chemical 

environment, the presence of protons in the pentagons make the whole model 

highly positively charged. Going to the other extreme, protons were not added, 

so we defined the anionic fragment [(MoVI
6O21)2(MoV

2O4)]
10-, just as it is 

highlighted in Figure 4.1. This model holds an unrealistic high negative charge. 

Finally, we considered the whole capsule [(MoVI
6O21)12(MoV

2O4)30]
12- and studied 

the simultaneous coordination of the 30 ligands.  

 

Figure 4.1: Polyhedral representation of the Mo132 capsule, as viewed along the C2 axis of the Ih 
point symmetry group. The [(Mo

VI
6O21)2(Mo

V
2O4)]

10-
 fragment has been highlighted (blue for 

pentagons and red for the linker). 

 

Figure 4.2: Polyhedral representation of the [(H8Mo
VI

6O21)2(Mo
V

2O4)]
6+

 model. Violet polyhedra 
and balls stands for Mo atoms, while red and white spheres represent oxygen and hydrogen 
atoms, respectively. 
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4.2 - Computational Details 

All the calculations presented in this Chapter were carried out with the 

ADF2012 program system.118 Our standard method comprises including scalar 

relativistic ZORA effects with the BP86 DFT functional. Basis sets were of triple ζ 

plus polarization quality in all atoms, TZP, which included frozen cores up to 4p 

for Mo and 1s for O and C atoms. Solvent effects were introduced non-explicitly 

by means of the COSMO model.  

The energy decomposition analysis119, 207 (EDA) in ADF makes sense when it is 

applied to well-defined fragments. So in our case, the capsule (or a model of) 

and the ligand are logically the fragments of choice. Since ADF requires the 

fragments to be in the gas-phase when running a “fragments calculation” for 

performing the corresponding EDA treatment afterwards, the energy that ADF 

provides in such kind of calculations is ΔEfrag sol.  

 

Figure 4.3: Scheme and notation for the different energies used in this study. All the energies are 
expressed in eV. 

To compute the Total Bonding Energy, which we label as ΔER
sol in Figure 4.3, we 

use Equation 4.1. 

 R syst capsule lig
sol sol sol solE E E E      (4.1) 

When we carry out a “fragments calculation” with ADF, the program give us 

ΔEfrag
sol (Equation 4.2). 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter  4: Interaction Between the Mo132 Capsule and its Internal Ligands 

110 
 

 

 
( ) ( )syst s

frag syst model lig

so

yst sys

l sol gas gas

model st lig R

sol gas gas gas

yst

sol gasgasE E E E

E E E

E

E

E E



  

   

   
  (4.2) 

The combination of Equation 4.1 and 4.2 results on Equation 4.3. Note that Ei
sol-

Ei
gas is the solvation energy of species i. 

    R frag model model lig lig

sol sol gas sol gas solE E E E E E         (4.3) 

Of course, we can also compute ΔER
sol directly, just evaluating the energy in 

solution of the whole system and of the fragments to know Esyst
sol, E

model
sol and 

Elig
sol as in Equation 4.1, or alternatively, following back the thermodynamic 

cycle as it is shown in Equation 4.4. 

 
sysR R model lig

s

t

gas sol sol sololE E E E E        (4.4) 

However, since we aim at decomposing the interaction energy between 

fragments, we need to use the fragments approach. We selected the case of  

the positively charged Mo132 model with acetate ligands as an example to show 

the application of the different procedures. The results in Figure 4.3 and 

Equation 4.5 show that the different procedures are fully equivalent. 

 

   

     

 

31.5672 17.0069 48.5741

31.5672 43.2
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del lig lig

mode

s o

l

s l

R
sol

E E E E E E

E

E E E E E E E

E E E E

      

     

       

        952

3.2717 17.0069 2.0072



   

  (4.5) 

To compute and decompose the Total Bonding Energy, ΔER
sol , we started 

optimising the capsule’s geometry (or model of) with the ligand (or ligands). 

Then we performed single point calculations of the different fragments at their 

geometry optimised for the whole system. Finally, we used the previously 

obtained files for carrying out a fragments calculation.  
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Figure 4.4: Comparison between the different procedures for obtaining the Bonding Energy, 
namely with or without the fragment approach (top and bottom, respectively). All the energies 
are expressed in eV. Numbers in brackets are the solvation energy contribution to the total 
bonding energy. 

4.3 - Results 

 4.3.1 - [(H8MoVI
6O21)2(MoV

2O4)]6+ Model  

Table 4.1 collects the bonding energies for different ligands computed through 

fragments calculations as described above, and their decomposition in the 

different energy terms. Note that there are clear but different trends for 

monovalent anions and for divalent anions. When we look at the results for 

two-charged ligands (SO4
2-, SO3

2-, and CO3
2-), we see that the electrostatic 

interaction is attractive in all cases, and that the values almost double those 

computed for monovalent anions. Note also that the same trend can be 

observed in the difference in solvation energy term, which actually plays 
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against bonding and almost cancels with the electrostatic term. Regarding the 

sign of the difference in solvation energy term, it means that the solvation 

energy of the separated fragments is larger than the whole system, and this 

would be equivalent to say there is desolvation cost for making the fragments 

interact. Actually, we think that is an artefact of the model that derives from 

the fact that the whole system is less charged (+5) than its former counterparts 

(-1 and +6). The Pauli repulsion and the orbital interaction terms show also 

similar trends. In all the cases, the total bonding energy is negative, being the 

most stable the ligand-complex with CO3
2-. This is consistent with the fact that 

CO3
2- is the most basic ligand with the lowest pKb. Therefore, for this model, the 

total bonding energy sign is dominated by the attractive electrostatic 

interaction and the favourable orbital interaction terms. 

Table 4.1: Bonding energy decomposition in eV for the interaction between the 
[(Mo

VI
6O21H8)2(Mo

V
2O4)]

6+
 model and various ligands. The energy terms considered are Pauli 

repulsion, electrostatic interaction, orbital interaction and the difference on solvation energy. 
The total bonding energy is indicated, as well. 

 SO4
2-

 SO3
2-

 HSO4
-
 CO3

2-
 HCO3

-
 HCOO

-
 CH3COO

-
 

Pauli Rep. 7.25 9.10 4.20 10.89 5.61 5.75 6.15 
Electr. Int. -31.19 -33.69 -15.84 -37.22 -18.08 -18.26 -18.57 
Orbital Int. -8.33 -10.39 -4.07 -11.88 -4.90 -4.86 -5.39 
Diff. Solv. 

Energy 
30.02 31.46 14.82 33.80 15.66 15.53 15.80 

T. Bonding 
Energy 

-2.25 -3.52 -0.89 -4.40 -1.70 -1.84 -2.02 

 

Table 4.2: Bonding energy decomposition in eV for the interaction between the 
[(Mo

VI
6O21H8)2(Mo

V
2O4)]

6+
 model and various ligands with different carbon chains. Labels 

meaning are explained in Figure 4.6. 

 A B C D E F 
Pauli Rep. 6.21 6.42 6.11 6.26 6.46 6.22 
Electr. Int. -18.46 -18.54 -18.40 -18.44 -18.48 -18.31 
Orbital Int. -5.56 -5.78 -5.52 -5.66 -5.88 -5.70 

Diff. Solv. Energy 15.83 15.91 15.85 15.77 15.94 15.71 
Total Bonding Energy -1.98 -1.99 -1.97 -2.06 -1.95 -2.08 
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If we focus our attention on the single-charged ligands, we see that they have 

similar bonding energies but HSO4
-, which is the least stable ligand. This is fully 

consistent with its largest pKb, since it is feeble basic ligand.  Hydrogen-

carbonate and carboxylates behave similarly, being CH3CHOO- the most stable 

ligand/complex system, basically because the larger contribution of the orbital 

interaction term. 

 

Figure 4.5: Representation of the bonding energy with its decomposition into the different 
energy terms regarding the interaction of the [(Mo

VI
6O21H8)2(Mo

V
2O4)]

6+
 model with a set of 

bidentate ligands. 

 

 

Figure 4.6: Correspondence of the Table 4.2 and Table 4.4 labels with ligands. 
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Table 4.2 shows the bonding energy and its decomposition for various 

carboxylate ligands, which differ only in the carbon chain. All of them have 

almost the same results, because they have all the same charge, and the 

changes in the carbon chain are at each step further binding site, so the 

bonding properties remain almost equivalent for all the examples. Another 

remarkable feature is that these energies are located at an intermediated point 

between the HCOO- and the CH3COO- ones, which could also be included in the 

examples of modified carbon chains. 

4.3.2 - [(MoVI
6O21)2(MoV

2O4)]10- Model 

We followed the same procedure described in the previous section by 

considering an alternative model of the capsule, i.e. a negatively charged 

fragment. In this case, also two pentagons joined together with a linker build up 

the model, but with any protons. Since the model unit is negatively charged, we 

expected to observe differences in the energy decomposition terms with 

respect the cationic model. Table 4.3 collects the bonding decomposition terms 

for the new negatively charged model. 

The main difference between the results in Table 4.3 and those in Table 4.1 is 

that now the electrostatic contribution shows positive values instead of 

negative ones, and that the difference in solvation energy also reversed the 

sign. This is due to the change in the model total charge. With this model, the 

whole system is more charged (-11) than its fragments (-1 and -10), so solvation 

contributes to bonding. The total bonding energy values are less negative, 

because we are considering the interaction between two negatively charged 

fragments, which must be less favourable than the case with the positively 

charged model. It is worth noting that the values are still negative in all the 

cases. Ligands/capsule stability follows the same order than pKb values. Note 

that the values of the Pauli repulsion term almost match those computed with 

the positively charged model, and that the orbital interaction contributions are 

now smaller in absolute value. 
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Table 4.4 shows the bonding energy decomposition for the interaction between 

the negatively charged model and the same carboxylate ligands that were 

analysed in Table 4.2. As expected, no surprises arise from these results, just 

confirming the similarity between the bonding properties of these ligands. 

 

Figure 4.7: Representation of the bonding energy with its decomposition into the different 
energy terms for the [(Mo

VI
6O21)2(Mo

V
2O4)]

10-
 model with a set of bidentate ligands. 

Table 4.3: Bonding energy decomposition in eV of the interaction between the 
[(Mo

VI
6O21)2(Mo

V
2O4)]

10-
 model and various ligands.  

 SO4
2-

 SO3
2-

 HSO4
-
 CO3

2-
 HCO3

-
 HCOO

-
 CH3COO

-
 

Pauli Rep. 7.49 9.47 4.43 11.96 5.79 5.96 6.36 
Electr. Int. 25.63 24.29 12.73 21.97 11.91 11.74 11.33 
Orbital Int. -5.59 -7.18 -2.33 -9.52 -3.15 -3.22 -3.30 
Diff. Solv. 

Energy 
-28.33 -28.29 -15.00 -26.88 -15.40 -15.47 -15.53 

T.Bonding 
Energy 

-0.79 -1.71 -0.18 -2.47 -0.85 -0.99 -1.16 
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Table 4.4: Bonding energy decomposition in eV of the interaction between the 
[(Mo

VI
6O21)2(Mo

V
2O4)]

10-
 model and various ligands with different carbon chains. Labels meaning 

are indicated on Figure 4.6. 

 A B C D E F 

Pauli Rep. 6.43 6.69 6.36 6.53 6.73 6.50 
Electr. Int. 11.27 10.92 11.24 11.03 10.84 10.97 
Orbital Int. -3.16 -3.28 -3.24 -3.23 -3.26 -3.14 

Diff. Solv. Energy -15.64 -15.43 -15.52 -15.49 -15.36 -15.50 

Total Bonding Energy -1.11 -1.10 -1.17 -1.16 -1.04 -1.17 
 

What it is clearly revealed by the results presented until now is that i) the 

decomposition energy analysis is strongly dependent on the model, and ii) the 

trends amongst the ligands are reproduced independently of the model. 

4.3.3 - [(MoVI
6O21)12(MoV

2O4)30]12- Capsule 

Finally, and to eliminate ambiguities, we followed the same fragment 

procedure by considering a full capsule in order to compare with the results 

provided by the two aforementioned models. Instead of taking into account 

just a part of Mo132, we used the whole Mo132 capsule and computed the 

bonding interaction between the empty Keplerate and the 30 ligands 

decorating the inner surface of the capsule. 

 

Figure 4.8: Bonding energies per ligand in eV with its decomposition into the different energy 
terms for the interaction  of the Mo132 capsule with a set of bidentate ligands. 
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The most remarkable feature about these results is that, regarding stability, we 

see exactly the same trends as in the previous models. Even if all energy values 

are, in this case, smaller in absolute value, the changes in energy among the 

different ligands are quite similar. The signs for the different contributions to 

the total bonding energy are the same as in the negatively charged model, 

namely, negative contribution of the difference in solvation energy and positive 

contribution of the electrostatic interaction term. Note that the Pauli repulsion 

term matches again the values obtained with the other two models, being the 

differences due to small changes in the geometrical parameters upon bonding. 

Another remarkable result from Table 4.5 is that the difference in solvation 

energy does not depend on the charge as clearly as in the previous models. We 

believe that this is because the smaller charge density in the capsule. Although 

the charge is -12, the much larger molecular surface of the capsule with respect 

the small models attenuates the differences in volume upon bonding, which 

were responsible of the large effects observed in the models. Being 

electrostatic interactions much smaller and solvation/desolvation effects 

almost constant along the ligand series, the orbital interaction term plays the 

main role in the bonding. In all, carbonate is the most strongly bound ligand, 

and, according to the results in Table 4.5, HSO4
2- would not coordinate to the 

capsule. 

Table 4.5: Bonding energy decomposition in eV of the interaction between the Mo132 capsule and 
the inner 30 ligands, including the following terms: Pauli repulsion, electrostatic interaction, 
orbital interaction, difference in solvation energies, both for the whole system and per ligand. 
The total bonding energy (for the whole system and per ligand) is also included. 

 SO4
2-

 SO3
2-

 HSO4
-
 CO3

2-
 

Pauli Rep. 235.2 289.1 110.1 295.1 
Pauli Rep. / ligand 7.8 9.6 3.7 9.8 

Electrost. Int.  298.5 239.1 182.3 232.8 
Electrost. Int. / ligand 10.0 8.0 6.1 7.8 

Orbital Int. -397.9 -461.2 -139.9 -442.1 
Orbital Int. / ligand -13.3 -15.4 -4.7 -14.7 

Diff. Solv. E -141.0 -98.7 -145.7 -116.5 
Diff. Solv. E / ligand -4.7 -3.3 -4.9 -3.9 

Total Bonding E. -5.2 -31.7 6.8 -30.7 
Total Bonding E. / ligand -0.2 -1.1 0.2 -1.0 
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 HCO3
-
 HCOO

-
 CH3COO

-
 CH2CHCOO

-
 

Pauli Rep. 148.8 152.1 172.7 186.0 
Pauli Rep. / ligand 5.0 5.1 5.8 6.2 

Electrost. Int.  136.1 134.6 113.8 102.3 
Electrost. Int. / ligand 4.5 4.5 3.8 3.4 

Orbital Int. -157.9 -158.3 -168.9 -172.9 
Orbital Int. / ligand -5.3 -5.3 -5.6 -5.8 

Diff. Solv. E -139.5 -144.5 -136.3 -131.7 
Diff. Solv. E / ligand -4.7 -4.8 -4.5 -4.4 

Total Bonding E. -12.5 -16.1 -18.7 -16.2 
Total Bonding E. / ligand -0.4 -0.5 -0.6 -0.5 

 

 

Figure 4.9: Comparison between the pKb values (Table 4.6) and the bonding energies per ligand 
for the set of ligands collected in Table 4.5. 

As a summary, we performed calculations with three different models for 

studying the interaction between the Mo132 capsule and the inner ligands.  In 

the first two models, we have replaced the capsule by a fragment composed of 

two pentagons joined together with a linker. In the first case, this fragment was 

totally protonated, being positively charged. The second one, without protons, 

is negatively charged. Finally, we performed calculations taking into account 

the whole capsule with 30 inner ligands. The three models show the same 

behaviour, although the second model results are more consistent with the full 

system model than the first one, due to the fragment charges. The trends in 

ligands stability are the same for these models, being carbonate the most 

stable ligand, followed by CH3COO-, CH2CHCOO-, HCOO-, HCO3
- and finally SO4

2-.  

This order in stability is in good agreement with the order suggested taking into 
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account the ligands pKb values. Table 4.6 collects the pKb numerical values for 

all the ligands studied throughout this chapter. Finally, Figure 4.9 represents 

those pKb values in comparison of the total bonding energies per ligand for the 

whole-capsule model. 

Table 4.6: pKb values for the different ligands considered throughout this chapter. Note that A-E 
labels are indicated in Figure 4.6. Numerical values have been extracted from the Handbook of 
Chemistry and Physics.

208
  

Ligand pKb 

CO3
2-

 3.7 
SO3

2-
 6.8 

HCO3
-
 7.7 

E 9.0 
C 9.1 
B 9.2 
D 9.2 
F 9.2 

CH3COO
-
 9.2 

A 9.75 
HCOO

-
 10.3 

SO4
2-

 12.0 
HSO4

-
 14 

4.4 - Conclusions 

Bonding energy decompositions have been analysed for the three models 

proposed ([(H8MoVI
6O21)2(MoV

2O4)]
6+, [(MoVI

6O21)2(MoV
2O4)]

10- and the complete 

Mo132 capsule). In this section, we summarise the main conclusions that can be 

extracted from the numerical values of the different terms considered during 

such energy decompositions. 

 In the case of the [(H8MoVI
6O21)2(MoV

2O4)]
6+ model, the bonding energy 

trends observed were dominated by the electrostatic ineteraction and 

the favorable orbital interaction term, because the whole system 

(model + ligand) is less charged that its fragments. 

 For the [(MoVI
6O21)2(MoV

2O4)]
10- model, the electrostatic interaction and 

the difference on solvation energies has different sign compared with 
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the positively charged model, because in this case, the whole system 

(model + ligand) is more charged than its fragments. 

 In the case of the negatively charged model, it has been shown that 

even of such negative charge, bonding energies for the set of ligands 

studied are negative as well. 

 Comparing the negative and positive models, we saw that the 

decomposition energy analysis is dependent on the model applied. 

 In the case of carboxylate ligands with different carbon chains, 

independently of the model used, we observe the same bonding 

energy results, because those ligans have the same charge and the 

changes in the carbon chain are one bond far away from the binding 

site. The bonding energy for this set of ligands is located at an 

intermediate point beteween formate and acetate ligands. 

 Numerical values of the energy decomposition when the whole 

Keplerate is considered show that the solvation energy contribution 

does not depend on the charge as much as the other models because 

of the lower charge density of the Mo132 macro-ion. Furthermore, the 

most important contribution to the bonding energy is the orbital 

interaction term. 

 All the three models have shown the same trends in stability for the set 

of ligands, which is (from the most stable to the less): CO3
2-, CH3COO-, 

CH2CHCOO-, HCOO-, HCO3
-, SO4

2- (HSO4
- has not been included in this list 

because the full-system model shows a positive bonding energy for this 

ligand). Such stability trend is similar to the pKb values of the ligands. 
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5.1 - Introduction 

POMs can be interpreted as molecular clusters composed of repeating units 

that, sometimes, appear in multiple POM systems. These building blocks consist 

on assemblies of polyhedra units that arise from the metal centres 

coordination. There are several units that are present in different POM systems 

(Figure 5.1). The MO6 unit appears on almost all the POM structures. There are 

other units whose presence is less common. For example, the Mo8 moiety, 

formed by a pentagonal dipyramid surrounded by 7 MoO6 is found in several 

POM systems, as the Mo154 wheel, Mo57V6 and Mo57Fe6. These structural 

common features lead to the idea, proposed by Müller's group209, that POMs 

arise from the combination of the different building blocks present on a 

dynamic library. This condensation of building blocks is pH dependent and can 

be controlled in some way by the variation of the experimental reducing 

conditions. Nevertheless, the exact assembly pathway of building blocks, which 

drives to the huge variety of POM structures, is still unknown and it is one of 

the biggest challenges in POM science nowadays.  

 

Figure 5.1: Examples of MOn units, represented with ball and sticks and polyhedra models a) MO4 
b) MO5 c) MO6 d) MO7 

In the case of Mo132, there are two main types of building blocks. On one hand, 

there is the pentagonal unit (blue polyhedra in Figure 5.2a), which is composed 

by six MoVI centres and 21 oxygen atoms. This composition leads to a 

pentagonal motif with five MoVI in its vertices and one MoVI in its centre. This 

moiety has anionic character and, in order to complete the coordination sphere 

of the metal atoms, coordination water molecules are found on the inner 

surface of the capsule, below the metal positions. On the other hand, there is 

the linker unit, which is a dimer of MoV (red polyhedra in Figure 5.2a). MoV 
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atoms are linked together by means of two bridge sites, usually occupied by 

oxygen atoms. Furthermore, each metal centre has its corresponding terminal 

oxygen. Experimentally, it has been proved that several bidentate ligands can 

be linked in a labile way to the dimer unit, due to its cationic character.  

 

Figure 5.2: a) Polyhedra representation of Mo132, highlighting its two types of building blocks: 
pentagons (blue) and linkers (red). b) Formula and schematic representation of Mo132 building 
blocks linkers and pentagons. This linker and pentagon symbols are used in Figure 5.17. 

The combination of theoretical and experimental techniques is a powerful 

approach to analyse the POM formation issue. With this perspective, our group 

has collaborated with Poblet's group (Universitat Rovira i Virgili (URV)) and 

Roy's group (Indian Institute of Science, Education and Research). This chapter 

collects our contribution to this project, in which theoretical methods and 

experimental techniques have been combined in order to shed light into the 

condensation process of building blocks that drives to the Mo132 formation. The 

experimental approach includes Electrospray Ionization Mass Spectroscopy 

(ESI-MS) and Raman Spectroscopy analysis performed at different moments of 

the Mo132 formation process. This part has been performed by Roy's group. The 

theoretical approach consists in two main techniques. On one hand, Car-

Parrinello Molecular Dynamics (CP-MD) have been performed by Poblet's group 

to analyse the stability and degree of protonation of the main building blocks of 

Mo132. Finally, our contribution consists on the application of DFT methods to 

compute the Raman spectrum for a set of structures suggested as intermediate 

steps on the Mo132 formation. Furthermore, we also estimate condensation 

energies between pentagonal and dimeric building blocks.  
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ESI-MS is the application of electrospray ionization (ESI) before the mass 

spectroscopy procedure. The first step of ESI consists in applying a high 

potential to the liquid solution of the sample. Then, an aerosol is obtained, 

formed of very charged droplets. This charge allows the droplets to be analysed 

in a mass spectrometer. MS is an application of the Lorentz law, which 

establishes that particles with different mass/charge ratio (m/z) will have 

different trajectories in the presence of a magnetic field. These different 

trajectories makes possible to separate particles with different m/z values. MS 

techniques have been widely applied to POMs since the early 80's.210 POMs are 

very suitable molecules for this kind of studies due to their characteristic 

charge and composition. ESI-MS has been used to study cluster species in 

solution because it gives information not only about the number of 

heteroatoms and the degree of protonation, but also about the relative 

proportions of the cluster species present in the sample.211 ESI-MS allows 

extracting the complete formula of the POM compound, including all the 

protons. This is one of the most important advantages of this technique with 

respect to crystallographic approaches. 

Raman spectroscopy is also a very useful tool to identify molecules. The Raman 

spectrum of a compound has a characteristic fingerprint because the Raman 

effect is influenced not only by the atoms' mass but also by their bond 

structure. The fundamental idea of the Raman spectroscopy is the inelastic 

scattering of the radiated photon. Initially, each molecule in the sample is in a 

rovibrational state. When the sample is irradiated with light of a given 

frequency, the electric field of the light interacts with the electron density of 

the molecule depending on its polarizability, resulting on an induced dipole 

moment. This interaction leads to excitation of the molecule, which changes to 

a higher rovibrational state. Then, the molecule can come back to the original 

state (elastic or Rayleigh scattering) or to a different one (Raman scattering). If 

this level is higher in energy than the initial one, the effect is known as Stokes 

shift. In contrast, if the molecule was initially on a rovibrational state which is 

not the ground state, the final state upon excitation can be lower in energy 

than the original state (Anti-Stokes shift). The Raman spectrum is, thus, 

composed of the different components in frequency of the inelastically 

scattered photons. The scattering phenomenon depends not only on the type 

of atoms present in the molecule, but also on the bond structure, which is 

related to the electron density and, thus, to the polarizability. So, a Raman 
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spectrum acts as a fingerprint of the molecule, allowing the identification of 

molecules and the study of the changes in the molecular bond structure. 

Raman spectroscopy gives complementary information to infrared 

spectroscopy (IR) studies. There are normal modes that would be silent for IR 

but not for Raman and vice-versa, because of the molecule's symmetry and the 

particular features of both techniques. 

CP-MD is a computational method born in 1985, which combines DFT and 

Molecular Dynamics (MD).212 On one hand, DFT gives quite accurate results for 

chemical bonding studies, but has a high computational cost. On the other 

hand, MD uses empirical interatomic potentials, which cause problems to 

describe covalent or metallic bonds systems. Moreover, electron properties are 

not taken into account in MD. CP-MD considers the Born-Oppenheimer 

approximation, so the motion of nuclei and electrons can be considered 

separately. DFT is used to compute the ground state of the system: core 

electrons are represented by pseudopotentials and valence electrons, by a 

plane wave basis set. Once the electron density is computed, the forces on the 

nuclei can be calculated. In order to solve the dynamics of coupled electron-ion 

system, CP-MD method proposes a set of pseudo-Newtonian equations of 

motion. The most remarkable feature of this method compared with classical 

MD, is that in CP-MD interatomic bonds can be broken and new bonds can be 

formed, which makes CP-MD a very interesting tool to study chemical reactions 

and structural phase transitions. 

5.1.1 - Summary of Roy's group experimental results  

The synthesis of Mo132 (and many other polymolybdates) has three main 

steps:213 dissolution of molybdate in water, reduction of the solution and, 

finally, an acidification process. Firstly, (NH4)6Mo7O24·4H2O is dissolved in water, 

together with CH3COONH4. Then, the reduction is achieved by the addition of 

N2H6·SO4. Finally, the acidification process is carried out by the addition of 50% 

(v/v) CH3COOH. Equation 5.1 stands for the formation reaction of Mo132 .   

 
   

2 2

4 2 6 3

42

72 60 372 3 30 2 72 2 2

132 15 30 192

( ) ( ) 15 84VI V

MoO N H CH COOH H

Mo Mo O CH COO H O N H O

  



   

    

  (5.1) 
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Raman (Figure 5.3) and mass spectroscopy studies (Figure 5.4, 5.5 and 5.6) have 

been performed at different steps of the formation process of Mo132. MS-ESI 

results give information about which building blocks are present at each step of 

the synthesis. After the dissolution of heptamolybdate in water, the mass 

spectrum (Figure 5.4) shows a high abundance on isopolymolybdates, namely 

[Mo7O24]
6- fragments. Those fragments integrate the dynamic library of building 

blocks for further combination. They can be divided in two main groups: 

[HMomO3m+1]
1- and [MomO3m+1]2- (m=1-6). It is worth mentioning that the 

pentagon building block is already present at this stage. After reduction, the 

mass spectra profile becomes more complicated (Figure 5.5). Mixed valence 

fragments appear, combining MoV and MoVI metal centres. Upon reduction, the 

linker moieties start to show up. After acidification, the number of pentagonal 

units decreases and larger species are formed, indicating the condensation of 

primary building blocks (Figure 5.6).  

 

Figure 5.3: Raman spectra collected at different stages of the Mo132 synthesis. υ represents 
bending vibrations, while δ refers to stretching modes. 
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Figure 5.4: Mass spectrum after the dissolution of [Mo7O24]
6-

 in water. Pentagonal motif has been 
highlighted on the dynamic library of building blocks. 

 

Figure 5.5: Mass spectrum after reduction. Blue circle highlights the pentagonal motif already 
mentioned in Figure 5.4. The linker unit is emphasised in red. 
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Figure 5.6: Mass spectrum upon acidification. 

The Raman spectra collected at different moments of the Mo132 synthesis 

(Figure 5.3), shows that the Raman Mo132 fingerprint is almost already formed 

upon the acidification process, which means that the condensation between 

building blocks have already started at this step, in agreement with the ESI-MS 

experiments. After acidification, the main peaks of the Raman spectrum 

intensify. Finally, 20 h after the reaction started, the complete formation of the 

Mo132 cluster can be assumed. The Mo132 Raman spectrum has four main peaks, 

which form the Mo132 Raman fingerprint. The first peak, at 314 cm-1, is related 

to the bending vibration of non-terminal oxygen atoms (oxygen atoms linked 

with more than one Mo atom). The second peak, at 374 cm-1, corresponds to 

the bending mode of terminal oxygens (oxygen atoms only bonded to one Mo 

atom). Also, there are two main contributions to the stretching modes: non-

terminal oxygen atoms at 880 cm-1 and terminal oxygen atoms at 950 cm-1. 
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5.1.2 - Summary of Poblet's group CP-MD results 

CP-MD studies have been performed on the pentagonal and the linker motifs to 

check how these species behave in solution. A simulation of 17 ps has been 

carried out for the pentagonal unit and 146 surrounding water molecules. The 

starting [MoVI
6O15(OH)6] system evolves after 5 ps into a [Mo6O18(OH)3]

3- 

structure (Figure 5.7a) and 3 hydronium cations. This indicates that the three-

protonated pentagon should be the pentagonal configuration in acidic 

conditions. During the production run, two water molecules are incorporated 

to the pentagonal moiety, completing the coordination sphere of the metal 

centres. Particularly, the central position exhibits permanent coordination with 

a water molecule. Furthermore, it has been observed that the three hydroxo 

ligands change their position as the intramolecular proton transfers occur.  

In the case of the linker, a [MoV
2O8H6(CH3COO)]- structure with 58 water 

molecules was simulated. After 3 ps, one oxo bridge is broken and the 

coordination of the two metal centres becomes different. Figure 5.7b shows 

how one Mo atom is 6-coordinated (two oxo, two hydroxo, one aqua and one 

carboxylate ligands), while the other Mo atom is 5-coordinated (two oxo, two 

hydroxo and one carboxylate ligands).  During the subsequent 26 ps, the metal 

centres keep the same coordination, even if the ligands change during the 

simulations due to several proton transfers. The acetate group is always 

bonded with the linker by the coordination with at least one metal centre. 

Different initial linker configurations have been checked. The same pattern has 

been found in those simulations: one 5-coordinated Mo atom and one 6--

coordinated Mo atom. Figure 5.7c shows an example of these alternative 

structures. 

 

Figure 5.7: CP-MD structures after equilibration run: the three-protonated pentagonal motif (a) 
and the linker unit (b and c). 
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5.1.3 - Goals 

This chapter collects our contribution to the study of the formation pathway of 

Mo132. Regarding the experimental and CP-MD results mentioned above, DFT 

method has been applied pursuing the following goals:  

 Modelling Mo132 Raman spectra evolution:  

o Computation by means of DFT of the Raman spectrum for the 

starting [Mo7O24]
6- molybdate (non-reduced and reduced 

species) and for the subsequent Mo132 main building blocks and 

some of their combinations. 

o Comparison between the experimental and the computed 

Raman spectra. 

 Evaluation of condensation energies at the DFT level involving 

pentagonal and dimeric units with different degrees of protonation. 

5.2 - Computational Details 

The main part of the computational work regarding this chapter has been 

carried out by means of the Amsterdam Density Functional program 

(ADF2012).118 With this software, Raman spectra and studies on the 

combination of building blocks have been performed. With this purpose, a GGA 

BP8693 functional and a TZP basis set have been used. Relativistic corrections 

were introduced by the ZORA approximation.193 Also, solvent effects have been 

taken into account by means of a continuum solvent model (COSMO).194 The 

atomic radii values correspond to the Van der Waals radii from the MM3 

method developed by Allinger198 divided by 1.2. The numerical integration 

parameter which controls the precision of numerical integrals has been set at 5 

for energy optimizations and at 6 for numerical frequencies studies.  

Unfortunately, ADF2012 does not allow Raman intensities calculation for 

unrestricted determinants. Thus, alternative software should be used for 

reduced species as [Mo7O24]
7-. Among the several choices available for DFT 

programs, we have chosen the Gaussian09 (G09) software.214 This option is one 

of the most widely used in the context of Computational Chemistry. To achieve 
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an equivalent DFT level to the ADF2012 studies with G09, a BPV86 functional88, 

93c, 107 together with a 6-311G*215 basis set for O atoms and a LANL2TZ216 basis 

set for Mo atoms have been used.217 In this case, the solvent effects have been 

introduced by means of the PCM solvent model.218 With this DFT specifications, 

ADF and G09 have been used to compute the Raman spectrum of [Mo7O24]
6-, 

leading to fully equivalent results. 

5.3 - Results 

5.3.1 - Theoretical Raman Spectra 

Raman spectroscopy has been used to track the formation pathway of Mo132 

experimentally. With this purpose, Raman experiments have been carried out 

at different steps of Mo132 synthesis. Figure 5.3 shows this spectrum evolution. 

In order to better understand the meaning of the peaks shown in Figure 5.3, 

the theoretical Raman spectrum of different building blocks and their 

combination have been generated. Figures 5.8-15 collect those theoretical 

Raman spectra. A more detailed description of each particular spectrum is 

carried out on the following paragraphs.  

 

Figure 5.8: Raman spectrum of [Mo7O24]
6-

. 

Figure 5.8 shows the Raman spectra of [Mo7O24]
6-, which is the 

polyoxometalate dissolved on the first step of Mo132 synthesis. In this case, the 

most intense main peaks lie around 900 cm-1. Those peaks arise from the Mo-O 

stretching vibrations of the terminal oxygen atoms. The anti-symmetric 
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vibration at 830 cm-1 has a Raman scattering activity of 547 Å4·amu-1, while the 

symmetric vibration is more intense (3300 Å4·amu-1). Around 300 cm-1, there is 

a set of very low peaks, which correspond to the bending modes of terminal 

oxygen atoms. 

 

Figure 5.9: Raman spectrum of [Mo7O24]
7-

. 

During the synthesis of Mo132, the dissolution of [Mo7O24]
6- in water is followed 

by a reduction step. In order to check if this reduction affects the Mo7O24 

spectrum, Raman intensities for the reduced heptamolybdate have been 

calculated (Figure 5.9). In this case, Raman intensities show higher values than 

for the previous system. Around 630 cm-1, we found bending and stretching 

vibrations of non-terminal oxygen atoms, which total an intensity of              

3500 Å4·amu-1. A more intense set of signals (180000 Å4·amu-1) arises from     

770 to 830 cm-1 and it is assigned to the stretching of terminal oxygens.  

 

Figure 5.10: Raman spectrum of the linker unit. 
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Figure 5.11: Raman spectrum of the pentagonal motif. 

Figures 5.10 and 5.11 correspond to the spectra of the two main building blocks 

of Mo132: linkers and pentagonal units, respectively. It is worth mentioning that 

the pentagonal unit arises after the dissolution of [Mo7O24]
6- in water, while the 

linker unit appears upon reduction. Both systems present much less intense 

Raman signals than the other structures studied in this chapter. The linker 

spectrum (Figure 5.10) has a main peak at 723 cm-1 (500 Å4·amu-1) 

corresponding to the terminal oxygens symmetric stretching. In the case of the 

pentagonal moiety (Figure 5.10), we found again the symmetric stretching of 

terminal oxygen atoms around 900 cm-1 with an intensity of 300 Å4·amu-1. 

 

Figure 5.12: Raman spectrum of the unit composed of on a linker and a pentagon. 

Linkers and pentagonal motifs can condensate, leading to a variety structures. 

Inspired in the ESI-MS results from Roy's group, assemblies of linkers and 

pentagons are proposed and their theoretical Raman spectra are computed. 

Figure 5.12 is the Raman spectrum of the combination of a pentagonal unit and 

a linker. In this case, a set of new peaks around 650 cm-1 arises. One of the 
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most important contributions to this band (5000 Å4amu-1) is associated with the 

bridging oxygen scissoring and the pentagon non-terminal oxygens bending. 

Furthermore, the terminal oxygen stretching is located around 850 cm-1 (6000 

Å4·amu-1), as it was for the previous systems. 

 

Figure 5.13: Raman spectrum of the moiety formed of two protonated pentagons joined together 
by a linker. 

 

Figure 5.14: Raman spectrum of the moiety formed of two protonated pentagons joined together 
by a linker, to which an acetate ligand is bonded. 
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Figure 5.15: Raman spectrum of the pore model, made up of three pentagons assembled by 
three linkers. 

 

Figure 5.16: Polyhedra and ball and sticks representation of the pore model (violet for Mo atoms 
and red for O atoms) with the displacement vectors (blue arrows) for the normal mode at         
777 cm

-1
. 

Figure 5.13 shows the Raman spectra of the combination between a linker and 

two pentagonal motifs. In this case, terminal oxygen atoms that should be 

linked to other moieties in the POM were capped with hydrogen atoms. The 

spectrum for this system shows two peaks related to the bridging oxygen 

wagging modes at 275 cm-1 (8000 Å4·amu-1) and 330 cm-1 (25000 Å4·amu-1). At 

700 cm-1 there is the bridging oxygen symmetric stretching mode                

(15000 Å4·amu-1). The main peak of the spectrum (60000 Å4·amu-1) is located at 

813 cm-1 and it corresponds to the symmetric stretching of the oxygen atoms 

that join together pentagons and linkers (pentagon-linker bridging oxygens). As 
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in previous cases, the set of peaks regarding the terminal oxygen stretching 

appear around 1000 cm-1 (6000 Å4amu-1). The presence of bridging ligands at 

the linker (HCOO-, CH3COO-, HCO3
-, CO3

2- and SO4
2-) does not affect the 

spectrum in significant manner (Figure 5.14). This feature is extended to other 

pentagon-linker structure. In some cases small changes appear due to the 

bridging oxygens and to the ligand atoms themselves. 

The pore framework model is the largest unit whose Raman spectrum is 

computed and reported in this Chapter (Figure 5.15). This moiety is composed 

of three pentagons joined together by three linkers (Figure 5.16). Near           

345 cm-1, there is the peak (1000 Å4·amu-1) corresponding to the pentagon non 

terminal oxygens bending. Around 690 cm-1, a band of vibrations appears, 

which is also related to different types of non terminal oxygens bending modes, 

totalling an intensity of 10000 Å4·amu-1. The spectrum main peak (33400 

Å4·amu-1) is located at 777 cm-1 and it is caused by the pentagon-linker bridging 

oxygens (Figure 5.16). Finally, around 920 cm-1, two peaks arise due to the 

terminal oxygen atoms stretching. 

Pentagon-linker system can be understood as different steps of a condensation 

process between the linker and the pentagon building blocks, which finally lead 

to a pore-type structure. Experimentally, pentagonal moieties are found by    

ESI-MS after the dissolution of [Mo7O24]
6- in water. Upon reduction, ESI-MS 

peaks related to the linker formation arise. After acidification, the signal 

corresponding to the pentagonal motifs decrease, with an increase in intensity 

of around 900cm-1 band in Raman spectrum. This fact can be interpreted as a 

condensation phenomenon: primary building blocks as pentagons start to 

condense and form new structures, making the pentagon ESI-MS peak less 

intense. This idea is supported by the computed Raman spectra for different 

building blocks combination. Figure 5.17 collects the experimental spectra 

recorded at different stages of the synthesis process (Figure 5.17a) and the 

theoretical spectra computed for different species explained before (Figure 

5.17b). Figure 5.17 makes easier the comparison between the experimental 

and the theoretical results. For instance, the Raman spectrum of the 

combination of two pentagons and one linker is in good agreement with the 

experimental spectrum measured after acidification. These similarities are 

stronger for larger systems, such as the pore framework model. The differences 

between the experimental and theoretical relative intensities can be explained 
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in terms of the other building blocks and their combinations present in solution, 

which were not included on the theoretical analysis, in which only one 

molecule is simulated at a time. Both theoretical and experimental spectra 

show two main regions of Raman vibrations (300-400 cm-1 and 800-900 cm-1). 

The recorded spectra after two hours of standing show intensification of 

signals, keeping the same spectrum profile. The experimental Raman band 

around 900 cm-1 can be associated to the 813 cm-1 band of system vi and the 

777 cm-1 band of the pore model. These modes correspond to the vibration of 

the pentagon-linker bridging oxygens as the condensation between linkers and 

pentagons occurs (Figure 5.16). This vibration has been highlighted in Figure 

17a as Obri(breathing). When pentagons start to condense, new structures 

pentagon-linker like are formed, and the bridging oxygen atoms between the 

two building blocks contribute to the Raman spectra, making up the 

characteristic Raman fingerprint of the Mo132 cluster. 

Müller group proposed the idea of a virtual library of building blocks in solution, 

whose combinations lead to a huge variety of POM systems. In the case of 

Mo132 synthesis, the pentagonal motif arises after dissolution of 

heptamolybdate in water and the dimeric linkers are formed upon reduction. 

The acidification step produces the optimal conditions for the assembly of the 

already formed building blocks. This condensation occurs between fragments 

with complementary charge, as linkers and pentagons (cationic and anionic 

character, respectively). The computed Raman spectra for systems resulting 

from the combination of linkers and pentagons show the same pattern as the 

experimental spectra. This means that these structures are a very important 

point during the Mo132 formation. Particularly, the pore framework model 

studied in this section shows the same strong peak at 800-900 cm-1than the 

experimental spectra at the end of the synthesis reaction. We interpret this 

structure, composed of three pentagons joined together by three linkers, as the 

starting point of the 3D Mo132 structure emergence. Once the pore framework 

is formed, in order to reduce the surface energy, the spherical cluster structure 

should show up.  
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Figure 5.17: a) Experimental Raman spectra recorded at different stages of the Mo132 synthesis. 
b) Collection of the theoretical Raman spectra corresponding to systems present at the beginning 
of the Mo132 synthesis (Mo7O24 species) or suggested as condensation structures during the 
synthesis process. It is worth noting that some systems seem to be Raman silent because of the 
different order of magnitude of the different system's signals. Symbols in the right are explained 
in Figure 5.2. 
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5.3.2 - Condensation Process 

From ESI-MS and Raman results, it can be concluded that after the acidification 

process, condensations between the building blocks occur, leading to larger 

fragments and, finally, to the cluster formation. This condensation is known to 

be dependent on the solution pH and, so, on the degree of protonation of the 

building blocks. Building blocks combined should have complementary charge. 

For instance, negatively charged pentagons and positively charged linkers can 

condense to form larger structures, such as the fragments found on the after 

acidification ESI-MS (Figure 5.4). Furthermore, our DFT Raman studies show 

that the theoretical spectra profile of pentagon-linker structures is in quite 

good agreement with the experimental spectra recorded once the synthesis 

reaction is finished. 

Due to its relevance, we took the pentagon and linker condensation as an 

example to evaluate by means of DFT its reaction energy as a function of the 

protonation degree. With this purpose, we have computed the bonding 

energies for the two building blocks with an increasing number of protons (i. e. 

from no protons to four protons in all at the condensation sites) and checked 

the reaction energy for all the possible combinations that would lead to the 

same final system, namely, system v on Figure 5.17b. Different degrees of 

protonation are related to different pH conditions: no protons simulate basic 

conditions, while a high presence of protons would be related to acidic 

conditions. Condensation reaction energies of the system proposed are 

summarised in Table 5.1. The first row shows the different pentagonal 

structures taken into account. The first column represents the different linker 

configurations considered. In both cases increasing degrees of protonation are 

contemplated. Each cell en Table 5.1 represents the reaction energy values 

when the condensation occurs between the different possibilities of linker and 

pentagons. The inner labels on each cell indicate the products obtained upon 

condensation. For example, in the case of the condensation between the first 

row and first column elements, namely, a non-protonated linker and a non-

protonated pentagon, need two water molecules to condense, forming the 

final linker-pentagon structure and 4OH- groups. This reaction results on a 

condensation energy of -21.1kcal·mol-1 (Figure 5.18a). In contrast, the last 

element of Table 5.1 (last row and last column combination) is an example of 

fully protonated building blocks: all the condensation sites have two protons. 
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Thus, the four-protonated linker and pentagon need two water molecules to 

condense and generate the final linker-pentagon structure and 4 hydronium 

ions. This condensation has a reaction energy of 48kcal·mol-1 (Figure 5.18b). 

 

Figure 5.18: Schematic representation of linker and pentagon condensation reactions for the first 
row and first column (a) and the last row and last column elements in Table 5.1 (b). Linker and 
pentagon symbols (rectangle and star, respectively) are detailed in Figure 5.2. 

Table 5.1: Condensation reaction energies (in kcal·mol
-1

) between linkers (rows) and pentagonal 
fragments (columns) as a function of their protonation degree. The inner labels indicate the 
products obtained upon condensation. White labels highlight the formation of water molecules 
as products. 
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Low pH situations (bottom-right part of Table 5.1) generate positive reaction 

energies, indicating unstable products. In contrast, high pH conditions (top-left 

part of Table 5.1) cause favourable reactions, as the values on Table 5.1 are 

more negative. Nevertheless, the most energetically favourable condensation 

occurs when the number of protons in the linker and in the pentagon adds up 4 

protons in total. These reactions usually have water molecules as products 

(white inner labels in Table 5.1) and correspond to the elements in Table 5.1 

around the diagonal. Data from Table 5.1 indicates that the two building blocks 

will condense only under certain pH conditions. 

 

Figure 5.19: Schematic representation of the structures obtained from CP-MD simulations. The 
labels in italics indicate the condensation sites possibilities studied in Table 5.2.  

In order to make a more realistic model for the pentagon-linker condensation 

reactions, we followed the same procedure applied for the results in Table 5.1, 

but in this case different linker and pentagons configurations were studied. The 

structures analysed in Table 5.2 were obtained by Poblet's group from CP-MD 

simulations performed on the pentagonal unit [MoVI
6O21]

6- and on dimers with 

stochiometry [MoV
2O8H6(CH3COO)]-. The structures suggested by these 

simulations were a three-protonated pentagon [MoVI
6O18(OH)3]

3- and two 

different kinds of dimers: [MoV
2O3(OH)4(H2O)(CH3COO)]- and 

[MoV
2O3(OH)2(H2O)2(CH3COO)]-. Details of these geometries are shown in Figure 

5.7. Furthermore, schematic representations of these structures are collected 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter 5: Formation Pathway of Mo132 

143 
 

 

in Figure 5.19. Moreover, in Figure 5.19 the different condensation possibilities 

are indicated in italics. In the case of the pentagon (Figure 5.19a), there are two 

possibilities for the binding sites. The first column in Table 5.2 considers the 

absence of protons at the pentagon binding sites. The second column 

represents the possibility of having one site occupied by a hydroxyl group and 

the remaining site without protons. Besides the possibility of having two 

consecutives hydroxyl groups in the pentagon condensation sites, changing the 

order of the terminal groups of one of the Mo atoms, has also been considered. 

The inclusion of this change is justified by the CP-MD results, as many 

intramolecular proton transfers on the pentagonal motifs are observed. Also, 

DFT studies of the three-protonated pentagon shows that the bonding energy 

difference between the original CP-MD structure and the structure with two 

consecutives hydroxyl groups is 5.3 kcal·mol-1. This difference is small enough 

to justify the inclusion of this new possibility in our studies. 

Table 5.2: Condensation reaction energies (in kcal·mol
-1

) between linkers (rows) and pentagonal 
fragments (columns) as a function of their protonation degree. The linker and pentagonal 
structures were extracted from CP-MD simulations and optimised at the standard DFT level. The 
inner labels indicate the products obtained upon condensation. White labels highlight the 
formation of water molecules as products. Further details on the meaning of rows and columns 
are indicated in Figure 5.19. 

 

As far as the linker is concerned, there are two possible structures. The first one 

(Figure 5.19b) has the same degree of protonation in both sides: the 

condensation from the right is equivalent to the one from the left. These results 

correspond to the second row in Table 5.2. The second structure suggested by 
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CP-MD simulations (Figure 5.19c) is less symmetric than the first one. In this 

case, if the condensation takes places from the left, both binding sites are 

occupied by hydroxyl groups. In contrast, if the condensation occurs from the 

right, only one of the binding sites is protonated. This absence of symmetry 

leads to two different possibilities, corresponding to row 1 and 3 of Table 5.2. 

The trend observed in Table 5.2 describes the same pattern observed in Table 

5.1: the most favourable cases (bottom-right part of Table 5.2) correspond to 

condensations having four protons in all at the condensation sites and give 

water as product (white inner labels in Table 5.2). The different energy ranges 

presented in both tables can be explained in terms of the differences in the 

structures studied. Even if in both tables condensation occurs between a 

pentagon and a dimer, the structures studied have different geometry 

configurations and charge.  

From Table 5.1 and Table 5.2 results, we conclude that the protonation degree 

of the units involved is a critical for condensation. Therefore, this condensation 

is very pH dependent and it should be more favourable at intermediate pH 

values. 

5.4 - Conclusions 

 Computed Raman spectra of structures resulting from the combination 

of pentagons and linkers have common features with the spectra 

measured experimentally. For instance, all the systems studied from a 

theoretical point of view present bending modes of the oxygen atoms 

at low frequencies and stretching vibrations of the terminal oxygens at 

800-900 cm-1. 

 Systems formed by two or more pentagons and their corresponding 

linkers present the same Raman pattern observed experimentally upon 

acidification.  

 Particularly, the spectrum of the pore framework (three pentagons and 

three linkers) has a strong peak around 800 cm-1, related to the 

stretching of the bridging pentagon-linker oxygens. This peak is in good 

agreement with the Mo132 Raman fingerprint. 
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 Condensation between linkers and pentagons is more favourable when 

both structures have an intermediate degree of protonation, totalling 4 

protons in all. With less or more protons, the condensation energies 

indicate less favourable reactions.  

 The dependence of the condensation energy with the degree of 

protonation means that these reactions are very pH-dependent and 

they should be more favourable at intermediate pH values. 
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6.1 - Introduction 

Keplerates present several features that make them an interesting object of 

study, particularly in aqueous solution, in which they are stable under 

controlled conditions. The icosahedral symmetry of Keplerates results in a 

hollow cluster with 20 hexagonal pores, through which molecules can be 

exchanged from the inside of the cavity to the outer medium and vice-versa. 

Moreover, the characteristic large negative charge of Keplerates causes strong 

interactions between the POM capsule and the cationic species present in 

solution. The structure of the hexagonal pores, together with the large charge 

of the capsule, make these pores capable of being plugged by cations with the 

appropriate size and shape. It is well-known that Keplerate pores can be closed 

in a stepwise way,54-55 enabling the possibility to use such POM clusters as 

capsules for different molecular species. Particularly, Mo132 has been used as a 

paradigm for the study of different phenomena. For instance, the tuneability of 

the cavity properties allows the study of the behaviour of encapsulated 

matter.12a Furthermore, Mo132 pores can be applied to the study of molecular 

transport phenomena at the nanoscale by analogy with the channels of a 

biological cell.205 

Most of the mentioned properties, as the charge or the size of the cavity, as 

well as the hydrophobic/hydrophilic character, can be easily modified. For 

instance, focusing on the Mo132 capsule, changes on the bidentate ligands that 

decorate the inner surface have a significant influence on the characteristics of 

the system. As an example, if the cavity is decorated with acetate ligands, the 

charge of the cluster is -42. Furthermore, the inner surface of the capsule 

acquires a hydrophobic character due to the methyl groups of the acetate 

ligands. The available space left by the ligands is a spherical hollow with a 

radius of about 8.75 Å while the radius of the empty capsule is estimated to be 

13.5 Å, as follows from the DFT calculations (see Chapter 3). In contrast, if we 

consider sulphate ligands instead, the charge of the cluster changes to -72, and 

the available space in the cavity a radius of 10.10 Å (cf. Chapter 3). 

Furthermore, the decoration with sulphate instead of acetate ligands changes 

the character of the inner surface of Mo132 from hydrophobic to hydrophilic. 

Changes in the size of the cavity, the hydrophobic/hydrophilic character of the 
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inner surface, or in the charge of the cluster, thus can significantly alter the 

interaction with other species present in solution. In this way, the environment 

of the encapsulated species can be under drastically different conditions. 

In this chapter we present new results regarding the properties of Mo132 

capsules in aqueous solution, with different cations, obtained by means of 

Molecular Dynamics simulations. In particular, we address different relevant 

questions. These are: a) how the molecular details of the capsule influence the 

properties of the contained matter. Here, we use the force field obtained from 

our previous DFT calculations (cf. Chapter 2) and compare our results with the 

properties calculated directly using a force field taken from the experimentally 

obtained structure of the capsule.12 b) How the process of plugging the pores 

with large cations takes place in the system and how it is influenced by the 

temperature and the structure of the cation. c) How different cations distribute 

around and inside the POM and how it does change with temperature. 

6.1.1 - Summary of the State of the Art  

Much work has been devoted in recent years to the study of the properties and 

behaviour of liquids,219 particularly of water,220 in confined environments. 

Encapsulated water has special importance in the field of molecular biology, as 

its relevance in protein folding and activity has been established.221 In an 

environment such as a biological cell, the effects of confinement become not 

negligible: water properties in such conditions are different from the bulk. The 

cause of these differences lies in the interactions between the confining surface 

and water, together with the interplay between the geometry of the container 

and the 3D lattice of the hydrogen bonds. The geometry of the confining 

surface causes short- and long-range modifications on the structure and 

dynamic properties of water. Generally, the layers of water in contact with the 

confining surface show different structural features as compared to these of 

the innermost molecules. For instance, in the case of hydrophilic surfaces, 

strong hydrogen bonds between water molecules and the confining structure 

are found. The dynamics of the water molecules in direct contact with the 

surface is slower than for bulk water. Moreover, it has been argued that the 

layered structure encountered in water into a Mo132 capsule is strongly related 
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to the formation of a consistent hydrogen bond network under 

confinement.12b,c  

On one hand, computational studies on supercooled water suggest the 

existence of two polymorphic phases: Low Density Water (LDW) and High 

Density Water (HDW). Such polymorphism is thought having its origin at a 

liquid-liquid critical point buried in the region where physically a solid phase 

occurs. The characteristic parameters of such critical point are still 

controversial. Computational studies suggest that it could be located at TC=193 

K and pC=1332 atm,222 while some experimental approaches considers that it 

could be around TC=220 K and pC=1000 atm.223 Fuentevilla and co-workers 

developed a parametric equation that predicts the critical point to be at TC=232 

K and pC=270 atm.224 Some authors even propose that the critical point should 

be located at negative pressures.225 On the other hand, liquid water forms 

rapidly exchanging LDW and HDW micro-domains, which differ on the strength 

of the hydrogen bond network (HDW has weaker hydrogen bonds than LDW, so 

the former is also more reactive than the latter).226 Such bimodal distribution 

can be understood as reminiscences of the mentioned LDW/HDW phases at 

supercooled conditions.227 Some authors consider that the LDW/HDW micro-

domains are responsible for the anomalous behaviour of water.226  

The application of classical MD simulations to the study of HDW/LDW micro-

domains has already been performed and compared with experimental results 

in a variety of containers and environments. Examples of such studies can be 

found, regarding hydrophobic surfaces, such as graphite channels,228 and 

carbon nanotubes,229 as well as hydrophilic walls, such as silica pores,227b, 230 

mica surfaces,231 or reverse micelles232. Systems whose cavity size is of the 

order of magnitude of the correlation length responsible for the three-

dimensional hydrogen bond network (which is estimated about 1 nm for bulk 

water at ambient conditions233) are of special interest, because they will 

significantly alter the phase diagram of water.12c This is the case of the Mo132 

capsule, whose cavity diameter is around 1.35 nm. The application of Classical 

MD techniques to analyse the behaviour of encapsulated species, 

fundamentally water, inside Mo132, shows a very good agreement when 

compared with experiments.12 
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Altering the decoration of the inner surface of a Mo132 capsule permits us to 

modify the volume of the hollow of the capsule as well as the direct interaction 

of the ligands with water. One of the most typical examples of bidentate 

ligands in the case of Mo132 are acetate groups (Mo132(CH3COO-)).50b, 204 The size 

and hydrophobic character of such acetate ligands reduce the cavity of the 

capsule. Encapsulated water molecules are experimentally observed to form a 

small {H2O}40 cluster. This cluster is composed of 2 dodecahedral {H2O}20 shells.  

If acetate ligands are replaced by formate groups (Mo132(HCOO-)),21a, 213 the 

cavity will be larger and template effects arise. A larger cavity is able to host a 

larger water cluster. In both acetate and formate systems the outer layers of 

water show a strong interaction with the metal atoms, particularly with those 

of the 12 pentagonal moieties due to their particular coordination. The position 

of these 72 metal centres forces a particular geometric organization for the 

water layer closer to the capsule wall. The constraint imposed on this outer 

layer propagates to the centre of the capsule through steric repulsion, as well 

as hydrogen bonding structure. As a consequence, in the case of formate 

ligands, the inner layers retain part of the imposed geometry from the 

outermost layer. Such structure is progressively lost as the geometrical centre 

of the capsule is approached. This kind of water clusters has also been reported 

in other confining molecules as fullerenes.234 Furthermore, the dynamics and 

structure of water molecules encapsulated on Mo132(HCOO-) is similar to the 

findings for silica pores with the same radius and reverse micelles.230j 

In the case of Mo132 decorated with formate ligands, if NH4
+ acts as counter-      

-cation to keep the solution neutral, some of these cations are able to 

penetrate into the capsule. The counter-cations thus interact with the 

encapsulated water molecules, adding a new factor to the competition 

between the capsule constraint and the hydrogen bond formation. In such 

conditions, the {H2O}80 cluster that forms in a capsule with no cations inside, 

arranges in two layers close to the POM inner surface: a {H2O}60 shell and  a 

more external {H2O}20 with dodecahedral symmetry. If, instead of NH4
+, 

formamidinium or guanidinium groups are acting as counter-cations, the 

uptake of cations will be avoided due to size exclusion at the pores, because of 

the larger size of the new counter-cation species.7a, 206a, 235 
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In this section we aim at focusing on two particular cases of inner decoration of 

the Mo132 capsule (formate and sulphate ligands) because they correspond to 

cavities with different radius, due to the ligands' size, and they have been 

characterised both experimentally and theoretically. Particularly, our group has 

contributed to the theoretical study of both capsules by means of classical MD 

simulations.12 The radial distribution function for the water molecules 

encapsulated in both systems (Mo132(HCOO-) and Mo132(SO4
2-)) is shown in 

Figure 6.1. Such g(r) functions have been calculated by means of MD 

simulations considering a closed capsule with guanidinium cations fixed at the 

Mo132 pores and, moreover, no external solvent has been included. 

 

Figure 6.1: Radial distribution function of water molecules from the centre of the Mo132 
Keplerate, with formates (red line) and sulphates (black line), as it was published in ref. [12c]. The 
notation used for the water layers is explained on Tables 6.1 and 6.2. 

When the uptake of cations is avoided because of the size of guanidinium 

groups, the cavity of the Mo132(HCOO-) will be only occupied by a {H2O}100 

cluster and the corresponding 72 coordination waters (εF on Figure 6.1). 

Moreover, the template effects of the POM scaffold will be stronger, as no 

counter-cations will alter the water structure, which, in this case, is composed 

of four concentric shells instead of the two dodecahedra observed in the case 

of acetate ligands. The description of the water layers observed inside the 

Mo132(HCOO-) is available in Table 6.1 and the corresponding radial distribution 

function is shown in Figure 6.1. In addition to the structures analysed in Table 

6.1, MD simulations show12c that there are also a few molecules visiting the 
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centre of the capsule. It is worth noticing that in Table 6.1 no description of the 

coordination layer (εF in Figure 6.1) is included. 

Table 6.1: Description of the four layers arrangement of the water cluster encapsulated in 
Mo132(HCOO

-
). It includes, not only the number of water molecules in each layer, but also their 

location, extracted both from experimental and theoretical procedures. Moreover, the 
geometrical structure of each layer it is also mentioned. The subindex 20/2 indicates that those 
layers are only partially occupied (see text for further details). It is worth noting that the 
coordination water shell (the one in closest contact with the inner surface of the POM) is not 
included. 

Notation Composition 
Location 

(experimental) 
Location 

(theoretical) 
Geometry 

γF {H2O}20 3.92-4.13 4.4 Dodecahedral 

δAF {H2O}20/2 6.72-6.78 6.9 Dodecahedral 

δBF {H2O}60 7.59-7.78 7.9 
Distorted 

rhombicosidodecahedral 

δCF {H2O}20/2 8.31-8.70 8.8 Dodecahedral 

 

Table 6.2: Description of the four layers arrangement of the water cluster encapsulated in 
Mo132(SO4

2-
). It is worth noting that the experimental studies have been performed for a 

Keplerate decorated with 20 H2PO2
-
 and 10 SO4

2-
, while the theoretical approach considers a full 

sulphate decoration. This table includes, the number of water molecules in each layer, and their 
location, extracted both from experimental and theoretical procedures. Moreover, the 
geometrical structure of each layer it is also mentioned. It is worth noting that the coordination 
water shell (the one in closest contact with the inner surface of the POM) is not included. 

Notation Composition 
Location 

(experimental) 
Location 

(theoretical) 
Geometry 

γS {H2O}20 3.84-4.04 4.4 Dodecahedral 

δAS {H2O}20 6.51-6.83 6.7 Dodecahedral 

δBS {H2O}60 7.56-7.88 7.4 
Distorted 

rhombicosidodecahedral 

 

An alternative inner decoration of the Mo132 capsule is a mixture of 20 H2PO2
- 

and 10 SO4
2-.50b, 235 The main differences with respect to the formate case is that 

only three layers of water are formed and that these layers are fully occupied, 

because 20 H2PO2
- and 10 SO4

2- ligands are larger than formates. Description of 

these water cluster substructures is collected in Table 6.2. The MD simulations 

to which Table 6.2 refers have been performed considering a fully SO4
2- internal 

decoration instead of a mixture H2PO2
-/SO4

2-, so the comparison between 

theoretical and experimental results must be done taking into account such 
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difference. Experimentally, the sulphate capsule has not been considered due 

to its large charge (-72). Instead, a less charged system Mo132(H2PO2
-; SO4

2-) is 

used, resulting on a molecular charge of -52. Such lower charge allows the 

removal of the NH4
+ ions and its replacement by guanidinium counter-ions, 

while the capsule decorated with only SO4
2- does not. Moreover, the properties 

of water clusters in Mo132(SO4
2-) have been compared with reverse micelles of 

similar sizes.12b, 236 One of the conclusions of the authors in ref. [12b] was that 

in reverse micelles no layered structure was observed, because the micelle wall 

is not rigid enough (as it is in the POM capsule) to impose a constraint 

sufficiently strong as to alter the organization of the encapsulated water 

molecules.  

Table 6.2 does not include the description for the coordination water molecules 

(εS) and the so-called βS shell, which is composed by four molecules moving 

around the centre of the capsule. The βS layer can be considered analogous to 

the set of molecules found to visit the centre of the Mo132(HCOO-) capsule. As 

the cavity of the formate capsule is larger than in the case of sulphate ligands, 

the centre of the cavity in the former situation is less structured than in the 

latter. 

In spite of the different distributions, the total number of water molecules 

encapsulated is in both cases, Mo132(HCOO-) and Mo132(SO4
2-), the same: 72 

coordination water molecules and a {H2O}100 cluster. As the cavity with 

sulphates is smaller than in the case of formates, Mo132(HCOO-) and  

Mo132(SO4
2-) can easily be regarded as containers of forms of LDW and HDW 

water nanodrops, respectively. Therefore, the comparison between the 

structures of encapsulated water inside a Mo132(HCOO-) or Mo132(SO4
2-) cavity 

shows that, due to the commensurability between the size of the Mo132 cavity 

and the correlation length of water, confinement selects one of the two forms 

of water. Hence, small changes of the system can lead to the splitting of the 

water encapsulated into HDW/LDW configurations.12c    

Figure 6.1 compares the radial distribution function profiles obtained from MD 

simulations on the formate and sulphate closed capsules.12c As far as dynamic 

regimes are concerned, both formate and sulphate ligands inside the POM have 

common characteristics: both present few molecules around the centre of the 
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capsule (β), internal dodecahedral shells (γ), a set of two-dimensional arrays of 

hydrogen bods (δ) and finally the coordination water layer (ε).  

Comparing Tables 6.1 and 6.2, the location of the concentric water layers is 

almost the same for γ and two innermost δ shells in both, formates and 

sulphates cases. So, the δCF layer can be interpreted as a new shell that arises as 

a consequence of the larger size of the cavity decorated with formates. 

Consequently, the appearance of the δCF layer allows the system to flicker 

between δAF and δCF. In other words, when one position in the dodecahedral δAF 

is occupied, the corresponding site on δCF will be empty and vice-versa. This 

under-occupation is indicated in Table 6.1 with the subindex 20/2 and it is 

related to the overlapping of the radial distribution function δ peaks in Figure 

6.1.  

All these simulations have been performed considering that the capsules are 

plugged with large cations. The model of the capsule is rigid with the positions 

of the atoms taken from the X-ray analysis. 

6.1.2 - New Model for the Mo132 Keplerate in Aqueous 

Solution 

In the previously mentioned MD simulations, the SPC/E force field model for 

water was used. All the new simulations presented on this Chapter, however, 

were performed using the TIP4P/2005 because, although the computational 

cost will be higher (the latter is a four-site model while SPC/E is a three-site 

model only), TIP4P/2005 model is able to better reproduce the behaviour of 

water molecules at a wide range of conditions.162  

Regarding the Mo132 capsule, the MD simulations mentioned in the  previous 

section used the molecular force field based on the positions of atoms 

extracted from X-ray experiments and a parametric approach for the point 

charges distribution (Charge Equilibration Method).167 This model will be 

referred to as primitive capsule model. The new model proposed in Chapter 2 

(see section on Point Charges Distribution) aims at achieving a better 

description of the charge distribution in the Keplerate by solving the quantum-

mechanical problem by means of DFT. The result is that the primitive and new 

capsules are slightly different. The radius of the capsule (distance between two 
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centres of opposite pentagons) is of 12.82 Å for the X-ray geometry and 13.34 Å  

for the DFT obtained configuration. The effects of these differences between 

the models are studied in this chapter. 

To summarise, we are using a different water model (which should not affect 

our results), a more realistic configuration, namely, a Mo132 open capsule in 

solution instead of a closed capsule without external solvent, and a different 

POM characterization (geometry and charges extracted from quantum 

calculations, as well as the presence of cations of different nature in the 

solution). Therefore, the comparison between closed and open capsules must 

be performed thoroughly and taking into account the mentioned differences 

between models.  

6.1.1 - Goals 

In the context of the previous studies related to the water molecules structures 

formed inside of Mo132 cavities, with different inner decorations that modify 

the cavity properties, this Chapter aims at collecting a series of MD simulations 

in order to describe the behaviour of Mo132 in solution with open pores and 

different kinds of counter-cations. The main goals of this Chapter are, thus: 

 Comparison between the primitive and current model results. 

 Description of the distribution of cations around or inside the capsule 

for a set of cationic species. 

 Effects of the temperature on the distribution of water molecules and 

counter-cations. 
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6.2 - Computational Details 

The MD simulations collected in this chapter have been carried out using the 

DL_POLY Classic 1.9 program package176. A simulation box with initial 

dimensions of 7x7x7 nm3 was considered, containing one Mo132 anion with 30 

fixed ligands, the corresponding 42 counter-cations and 11000 TIP4P/2005 

water molecules. This results on a system with a density of 1.09 g·cm-3 and a 

concentration of Mo132 anions C0=0.0048 mol·L-1. Acetate and formates ligands 

have been considered as inner surface decoration of the Mo132 cavity. 

All the molecular species present in the simulation box were treated as rigid 

bodies, in order to reduce computational cost. Even if with this approach 

flexibility of the pores cannot be reproduced, our results are in good agreement 

with experimental observations. In spite of the limitations of this simplifying 

approach, rigid body motion is a good approximation that allows us to properly 

reproduce the behaviour of the Mo132 capsule in aqueous solution. 

Intermolecular interactions are modelled using Lennard-Jones (LJ) potentials 

and electrostatic forces. In the case of the Keplerate, LJ parameters from 

previous studies have been used.46a, b, 16c, 146b, 174. Regarding the electrostatic 

parameters for the Mo132 cluster, partial charges were derived from the 

Voronoi Density Deformation population analysis174a of the optimised electron 

density at the standard DFT level (ADF2012 / COSMO / ZORA / BP86 / TZP). 

Moreover, ligands and counter-cations parameters were extracted from the 

OPLS-AA force field.145b, 146a Water molecules were represented by means of the 

TIP4P/2005 model162.  Crossed interactions between unlike atoms have been 

calculated from Lorentz-Berthelot combining rules.144  

Long-range Coulombic interactions were evaluated through the Ewald 

summation technique, with a convergence parameter of 0.210 and considering 

a maximum of six wave vectors in each direction. Translational equations of 

motion were integrated using the Verlet leapfrog algorithm with a time step of 

1 fs and a cut-off radius of 16 Å. 
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The simulations were carried out in the NPT ensemble, controlled by a Nosé-

Hoover thermostat and a Andersen barostat with relaxation times of 0.02 ps 

and 0.1 ps, respectively. Periodic boundary conditions were used in all cases. 

The initial configurations were generated with the Packmol137 software. The 

standard procedure for almost all the simulations presented in this chapter 

consists of an equilibration run of 1 ns followed by a production run of 4 ns. 

Trajectory snapshots were stored each 1000 time steps. Those snapshots were 

used to compute the radial distribution function g(r). In order to calculate the 

g(r) for the species with respect to the centre of the cavity, the simulation box 

was divided into concentric shells of width of 0.035 Å with their origin at the 

centre of the Mo132 capsule. 

6.3 - Results 

6.3.1 - Comparison Between the Primitive and the New model 

Let us consider in the first place simulations using the primitive model of the 

capsule with closed gates and SPC/E water molecules12 (system 1) and compare 

them with the results of an open system with the same primitive model for the 

capsule, but with TIP4P/2005 and guanidinium cations initially distributed 

randomly inside the simulation box and out of the capsule (system 2). In both 

cases, temperature was set to 298 K. In Figure 6.1 the red line represents the 

radial distribution function for the water molecules in system 1. In turn, Figure 

6.2 shows the profiles of water and guanidinium cations for the POM up to a 

radius of 20 Å from the centre of the capsule for system 2. Several aspects are 

to be considered here. In the first place, we observe in Figure 6.2 that the 

guanidinium cations are not able to plug the pores but they only linger around 

the gates at somehow two characteristic distances of 15 Å and 18 Å from the 

centre of the Keplerate. No clear pairing of these cations with the capsule is 

then observed. Hence, the results of the primitive model for the capsule 

indicate that no plugging occurs with guanidinium at this high temperature and 

water exchange between the inner and outer media then is allowed. 
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Secondly, as far as the structure of water is concerned, in Figure 6.2 we still 

observe the β, γ, δ, and ε layers, but these show slightly different features 

when compared to Figure 6.1. On the one hand, the δAF sublayer observed in 

the system 1, it has become a shoulder for system 2, while the δCF sublayer is 

still visible. Moreover, in the open system, we find presence of water molecules 

inside the pores, which correspond to the small peak at the right hand side of 

the ε shell in Figure 6.2, referred to as ζ layer from now on. Even including 

these latter molecules, the occupation of the system 2 is only of 168 instead of 

the 172 used in the simulations with closed gates.12 Hence, in general, the 

number of molecules in each peak is inferior for the open system than for the 

closed. The original choice of 172 water molecules encapsulated in the original 

simulations was due to the experimental value observed through the X-ray 

analysis at 188 K. Hence, the simulations of the system with closed gates 

(system 1) may reveal effects of strong confinement due to this forced density. 

 

Figure 6.2: Radial distribution functions from the centre of the Mo132(HCOO
-
) capsule for the 

water molecules (violet) and the guanidinium counter-cations (orange). These radial distribution 
functions were extracted from MD simulations at T=298 K performed using the primitive model 
for the Keplerate description but considering the capsule as an open system (system 2). 
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Figure 6.3: Radial distribution functions from the centre of the Mo132(HCOO
-
) capsule for the 

water molecules (violet) and the guanidinium counter-cations (orange). These radial distribution 
functions were extracted from MD simulations at T=298 K performed using the new model for 
the Keplerate description and considering thus the capsule as an open system (system 3).  

 

Figure 6.4: Radial distribution for the oxygen atoms of water molecules from the centre of the 
Mo132(HCOO

-
) capsule at T=298K (red line) and T=233K (blue line). Notice the increase of the 

number of molecules inside the pore (ζ layer) when lowering the temperature. There is a 
correlation between the increase of the ζ shell and the appearance of the substructure in the δ 
layer. We will see the same correlation when changing the type of counter-cation. Furthermore, 
the structure near the centre of the capsule is different, although it involves only few molecules, 
and can be strongly influenced by details of the force field. 
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Thirdly, the same simulations with open gates have been performed with the 

new model for the capsule (system 3). Figure 6.3 shows the radial distribution 

function for the water molecules in the case of the open capsule in aqueous 

solution with the new model, TIP4P/2005 water, and the same model for the 

guanidinium counter-ions,145b, 146a under the same conditions as in the 

simulations of Figure 6.2 (T=298 K; p=1 atm). Table 6.3 compares the location 

and population of the encapsulated water shells, extracted from the radial 

distribution function of the primitive and the new model simulations, both for 

the open capsule (systems 2 and 3). For the new model with the open capsule 

(system 3), we observe the total disappearance of the substructure of the δ 

layer. Additionally, this layer is located slightly farther away from the centre 

than for the primitive model, and its high is significantly larger than in system 2, 

although the total number of molecules for the latter is larger than for the 

former due to its larger width. 

Hence, in comparison with system 1, namely with closed gates, the pores open, 

together with the slightly larger volume of the capsule represented by the new 

model (system 3), make the system less structured at high temperature. 

However, the substructure of the δ shell is latent in the system. For instance,  

when decreasing the temperature to T=233 K* two shoulders appear at both 

sides of the original δ layer (Figure 6.4). Such shoulders can be considered as 

the precursors of the δAF and δCF shells observed in the experiments done at 

188 K, which would be enhanced as the temperature is significantly decreased, 

and the overall density of water inside the capsule, increased. In the same 

direction go the observations made with different cations, which we discuss in 

the next subsection. When NH4
+ are acting as counter-cations, for instance, the 

ζ layer is larger than in guanidinium, and the δAF and δCF substructures appear 

under the same conditions. 

The other water layers (β, γ, and ε) are similarly described by both the primitive 

and the new models at T=298 K, considering the capsule open in both cases 

(systems 2 and 3), while the structures for system 1 (closed gates) is 

significantly different. As we have already mentioned, these differences may lie 

                                                           
* Notice that for the TIP4P/2005 at p=1 atm the transition between liquid and solid phases is 
located around 251 K, instead of the 273.15 K experimentally observed for water at these 
conditions. Hence, 233 K corresponds to metastable supercooled water, whose long life-ime is 
due to the smallness of the system.

168  
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on the different overall density inside the capsule when open or closed pores 

are considered. 

As far as guanidinium counter-ions are concerned, the most salient feature of 

system 3 is the high peak indicating that the guanidinium cations are inside the 

pore, plugging indeed the gate, unlike the observations of system 2 (see Figures 

6.2 and 6.3). The number of plugged pores is around 11 out of 20 in average at 

298 K. The other guanidinium molecules remain close to the surface, near the 

pores. Therefore, at this temperature the plugging effect is incomplete and 

transport through the pores is allowed. The properties of the primitive capsule 

(system 2) do not permit the formation of plugged pores mostly due to the 

geometrical constraints. 

Table 6.3: Location and population of the water layers formed in the inside of the Mo132(HCOO
-
), 

considering the capsule's pores initially open and the plugging counter-cations randomly 
distributed outside the Keplerate at T=298 K. Both, primitive and new, models have been 
considered (systems 2 and 3, respectively). 

Primitive Model (system 2) New Model (system 3) 

Notation Location Population Notation Location Population 

γ 4.3 27 γ 4.1 28 

δ 7.4 81 δ 7.7 73 

ε 10.1 41 ε 10.2 49 

 

To end this comparison between models, we review the more relevant 

conclusions. We have observed that there is a quite significant impact of the 

explicit consideration of the external medium  and the transport of matter 

through the pores. It is reflected in, for example, the lower number of water 

molecules trapped inside the hollow of the cavity in systems 2 and 3 at 298 K. It 

seems then that forcing 172 molecules into the cavity (system 1) is a strong 

constraint that influences the way water molecules arrange inside. One has to 

keep in mind that the experiments revealing the structure of the water layers 

are done at 188 K suggesting that at such low temperature the system allows 

larger number of water molecules to accommodate inside. Hence, with open 

pores and external medium it is not to be expected that the same structure 

remains unchanged at 298 K. The structure observed during previous work of 

our group12 (system 1) would correspond to higher water density, which, for 

these models, would require much larger pressure. 
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Moreover, the new model for the capsule has a slightly larger volume, which 

further affects how the layers stack inside the cavity, due to a 

commensurability constraint. However, it is remarkable the fact that 

guanidinium cations can fit well into the pores with this model. Therefore, we 

will use the new model in the rest of our analysis, since we will centre our 

attention to the effects related to the counter-cations for a POM in contact 

with an external medium. 

Finally, we come to the conclusion that some of the studied features are 

strongly dependent on the details of the force field used for both the capsule, 

water molecules as well as counter-cations. As we have seen, small changes 

show strong differences. Moreover, it is known that the models used for the 

water cannot quantitatively yield simultaneously density and pressure. 

Therefore, since our simulations were done at constant atmospheric pressure, 

we estimate that some of the properties studied depend more strongly on the 

working density than the nominal pressure. hence, simulation results have to 

be interpreted with care. 

6.3.2 - Analysis of the behaviour of different counter-cations 

In this section we thus proceed to study the interactions of the Keplerate 

macro-anion and the counter-cations in aqueous solution. For this purpose, a 

set of MD studies in the NPT ensemble are performed for a simulation box that 

includes the Mo132 capsule, represented by the new model, with its 

corresponding 30 fixed formate ligands, 42 counter-cations randomly 

distributed, and 11000 TIP4P/2005 water molecules. As far as the cations are 

concerned, different species have been tested: Li+, Na+, NH4
+, guanidinium 

(C(NH2)3 or Guam+) and tetra-methyl ammonium (NMe4
+). Among these, the 

size of Li+, Na+, and NH4
+ allows them to cross the pores and exchange between 

the inner and outer media. Notice, however, that the charge of the walls of the 

anion will affect its preferred location, depending on the equilibrium between 

the electrostatic interaction, the solvation layer, as well as the entropic effects. 

Guanidinium and tetra-methyl ammonium, in turn, are excluded from the 

inside of the cavity due to its large size. The shape of these counter-cations 

roughly corresponds to that of the gates. Therefore, both are candidates to be 

used as plugs for the capsule. 
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Figure 6.5: Radial distribution function of the oxygen atom of water molecules from the centre of 
the capsule. These results have been extracted from MD simulations in the NPT ensemble at 
T=298 K and p=1 atm. Each colour represents the results obtained when a different counter-
cation: red for sodium (Na

+
), pink for lithium (Li

+
), blue for ammonium (NH4

+
), orange for 

guanidinium (GuaH
+
) and dark cyan for tetra-methyl ammonium (NMe4

+
) cations. 

Figure 6.5 shows that the layered structure of water molecules encapsulated is 

roughly the same despite the presence of some counter-cations in the cavity or 

at the gates. Table 6.4 collects the location of the radial distribution peaks and 

the population of each layer. Figure 6.5 and Table 6.4 show that the location 

and population of each layer does not show dramatic changes when different 

cationic species are present. Furthermore, the number of water molecules 

encapsulated inside the Mo132 macro-ion is very similar for all the simulations 

with different counter-cations: 156 for the sodium simulations, 159 for the 

lithium counter-cations, 155 in the case of ammonium cations, 152 for 

guanidinium and tetra-methyl ammonium cations. These values are calculated 

by means of the integration of the radial distribution function from the centre 

of the capsule to the end of the ε shell. The molecules in the ζ shell are thus 

excluded. The number of water molecules in the pore (ζ layer) is 23 in the case 

of sodium simulations, 26 when lithium cations are present, 21 when 

ammonium groups are acting as counter-cations and 18 when the cationic 

species is tetra-methyl ammonium. In the case of guanidinium simulations the 

number of water molecules that are preferably found at the pores is 
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considerably less (8 water molecules only). The low number of molecules in the 

pore for this latter case is due to the plugging of guanidinium counter-cations, 

which fit into the pore, displacing the water molecules that would naturally 

occupy this space (see Figure 6.5). As we have mentioned, the occupation of 

the ζ layer is correlated to the formation of the substructure of the δ layer. 

Notice in Figure 6.5 that the shoulders of the δ shell appear always that there 

are around 20 water molecules in the pore. Instead, if these molecules are 

removed by a large cation, the δ peak is structureless. Despite the fact that the 

ε layer in g(r) is located between the ζ and δ layers, the former is in fact 

confined under the Mo(V) pentagons, so that the ζ and δ shells are in direct 

contact precisely at the pores. Therefore, the correlation between these two 

layers should not be surprising. Finally, radial distribution functions from Figure 

6.5 also show some differences on the behaviour of the external solvation 

shells of the Mo132 capsule. We will see later that the peaks observed 

correspond to the solvation shells of cations preferably located at these 

particular positions. 

 

Figure 6.6: Radial distribution function of counter-cations from the centre of the Mo132(HCOO
-
) 

capsule. These results have been extracted from MD simulations in the NPT ensemble at T=298 K 
and p=1 atm. Each colour represents an independent simulation in which a different cationic 
species acts as counter-cation: red for sodium (Na

+
), pink for lithium (Li

+
), blue for ammonium 

(NH4
+
), orange for guanidinium (GuaH

+
) and dark cyan for tetra-methyl ammonium (NMe4

+
) 

cations. 
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Table 6.4: Location and population of the water layers encapsulated Mo132(HCOO
-
) in the 

presence of different species acting as counter-cations. These results have been extracted from 
MD simulations in the NPT ensemble at T=298 K and p=1 atm. 

Counter-cation Layer Peak (Å) Population 

Na+ 

β 0 2 

γ 4.29 26 

δ 7.53 82 

ε 10.18 46 

ζ 11.08 23 

Li+ 

β 0 3 

γ 4.40 26 

δ 7.54 84 

ε 10.19 46 

ζ 11.12 26 

NH4
+ 

β 0 2 

γ 4.17 24 

δ 7.54 78 

ε 10.16 51 

ζ 11.08 21 

GuaH+ 

β 0 2 

γ 4.14 28 

δ 7.73 73 

ε 10.19 49 

ζ 11.05 8 

NMe4
+ 

β 0 2 

γ 4.49 27 

δ 7.63 82 

ε 10.29 41 

ζ 11.12 18 

 

 

Regarding the cation distribution, two different patterns are found. Figure 6.6 

shows that small cations as sodium or lithium are able to penetrate into the 

capsule, while larger cations, such as guanidinium or tetra-methyl ammonium, 

are located near and at the pores. Ammonium cations are surprisingly more 

likely located at the pores that in the cavity, despite the fact that its size is 
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smaller than the size of the pores. Nevertheless, one cation is able to penetrate 

into the capsule and it placed around the centre of the capsule. These results 

are compatible with the experimental findings.50b 

 

Figure 6.7: Comparison between the radial distribution functions from the centre of the capsule 
Mo132(HCOO

-
) for the water molecules (violet) and the lithium counter-cations (pink). Due to the 

different order of magnitude of both g(r), two different scales where used. 

Figure 6.7 shows the comparison between the radial distribution functions for 

the lithium counter-cation and the water molecules. The cations inside the 

cavity are preferably placed in the valleys between the native β-ε layers of 

water, without significantly modify their size and shape. Moreover, we find 

some of these cations (4) occupying a region in the centre of the pore, just after 

the ζ shell. The cations in the external medium lay also at the valleys of the 

radial distribution function of water molecules, indicating that the peaks in the 

water profile are related to solvation shells of these cations. The genuine radial 

distribution function of bulk water is visible only after 17 Å from the centre of 

the capsule. The analysis of the behaviour of Na+ is completely analogous to 

lithium. 
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Figure 6.8: Comparison between the radial distribution functions from the centre of the capsule 
Mo132(HCOO

-
) for the water molecules (violet) and the ammonium counter-cations (blue). Due to 

the different order of magnitude of both g(r), two different scales where used. 

In the case of ammonium cations (Figure 6.8), we observe a large peak (11 

molecules) right at the location of the ζ layer. This peak corresponds to 

counter-cations inside the pore but around 1.5 Å closer to the centre than the 

lithium cations. This location is equivalent to the peak of g(r) observed for 

complexed guanidinium counter-cations. Moreover, only one molecule is found 

inside the cavity. This is a remarkable effect since the pores do not exclude 

ammonium due to its smaller size. Hence, the coordination with the water 

molecules at the pore is responsible for the stability of this particular location. 

In addition, notice that the size of the ζ layer is the same as for the lithium 

simulations, unaffected by the presence of NH4
+ at the entrance of the pores. 

As a consequence, we observe again that the substructure of the δ peak is 

visible at the studied temperature for this cation. 

Table 6.5 gives the number of cations found inside the capsule or at the pores, 

calculated from the integration of the radial distribution functions of the 

cations. 
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Table 6.5: Number of cations encapsulated and at the pores for the set of Mo132(HCOO
-
) 

simulations with different species acting as counter-cations. 

counter-cation # cations inside # cations at the pores 

Na+ 6 4 

Li+ 6 5 

NH4
+ 1 11 

GuaH+ 0 11 

NMe4
+ 0 1 

 

Larger cations, as guanidinium and tetra-methyl ammonium, are preferably 

found near the pores and outside the capsule, due to their exclusion by size. 

For both cases, the simulation starts with all the counter-cations randomly 

distributed in the outer medium. After a short time of the order of 250 ps, 

C(NH2)3
+ and NMe4

+ groups are spontaneously driven to the vicinity of the 

pores, eventually closing some of them. When a C(NH2)3
+ or NMe4

+ plugs a 

pore, it forms a pair which lasts the whole simulation, mostly without changing 

the relative orientation of the counter-cation with respect to the capsule.  

Comparing C(NH2)3
+ and NH4

+ radial distribution pattern (Figures 6.3 and 6.8, 

respectively), guanidinium cations are preferably located at the pores, right at 

the position where the ζ layer should be and at the same location of the 

ammonium groups in the aforementioned simulation. However, with respect to 

the latter, the ζ layer is removed by the larger size of the guanidinium cation. 

Obviously, the defective water molecules in the ζ shell perturb the nearest 

environment up to the point that the substructure of the δ layer is not visible. 

This correlation is one of the more interesting findings of this Chapter. 

At this point it is interesting to look at the plugging of the gates due to the 

presence of guanidinium counter-cations. we observe that guanidinium cations 

are indeed plugging 11 out of Mo132 pores, according to the area under the 

peak of the g(r) at 11.5 Å (Figure 6.9a). Some cations remain close to the POM 

surface at rather well defined positions out of the capsule, at 14, 16  and 18 Å 

from the centre of the capsule. These peaks are labelled as outside 1, 2 and 3 

and their average population is 2, 9, and 5, respectively. These layers are 

solvated guanidinium counter-ions. The peak outside 1 corresponds to counter-

cations placed at the external surface of the pores that are not plugged by the 
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11 complexed guanidinium groups (Figure 6.9b). Water molecules bridge the 

guanidinium cations with the negative centres in the structure of the pore. The 

peak outside 2 corresponds to the solvated guanidinium molecules that are 

located on top of unoccupied pores solvated by a water layer (Figure 6.9c). 

Finally, the peak outside 3 gathers solvated counter-ions wandering on the 

solvated surface of the POM. The remaining 15 cations are completely solvated 

in the bulk. 

 

Figure 6.9: Schematic representation of the location of the guanidinium cations with respect to 
the Mo132(HCOO

-
) pores. Grey polyhedra stand for the MoO6 units of the Keplerate. Red, brown 

and white sticks represent the oxygen, carbon and hydrogen atoms of the formate ligands, 
respectively. Finally, blue, brown and white balls are the nitrogen, carbon and white atoms of the 
counter-cation, respectively. Complexed guanidinium cations (a) are found at the central position 
of the pores. A similar location is observed for the counter-ions of region outside 1, but at a larger 
distance from the centre of the capsule. Finally, guanidinium molecules in the region outside 2 
are likely placed further away from the POM surface, and its position with respect to the centre 
of the gate is less symmetric in comparison with a) and b) situations. Although the configurations 
shown in this figure are snapshots of 4 ns MD simulations, the characteristics aforementioned for 
the complexed counter-cations, as well as those from regions outside 1 and 2, are general 
tendencies observed during the whole simulation. 
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Figure 6.9: Comparison between the radial distribution functions from the centre of the capsule 
Mo132(HCOO

-
) for the water molecules (violet) and the tetra-methyl ammonium counter-cations 

(dark cyan). Due to the different order of magnitude of both g(r), two different scales where 
used. 

As far as the tetra-methyl ammonium is concerned (Figure 6.9), we find at 298 

K one single counter-cation complexed with the pore, thus effectively plugging 

the gate. Figure 6.9 represents the radial distribution functions for water 

molecules, together with tetra-methyl ammonium counter-cations. The 

plugging NMe4
+ is located at the outer part of the pore, instead of inside, as was 

the case of guanidinium and ammonium cations. Moreover, 16 additional 

cations dwell on the pores with the same orientation than the plugging 

counter-cation at a distance of 16 Å from the centre of the capsule. These 16 

counter-cations are strongly bound to the capsule, but could be arguable 

whether they plug the gate or not, forbidding species from exchanging between 

the inner and outer media. Although these cations belonging to the 16 Å peak 

are further away from the macro-ion than the plugging cations, we have 

observed that they are moving together with the capsule, as a complex. In 

Chapter 7 we discuss in depth the role played by the hydrophobic character of 

tetra-methyl ammonium cations in their affinity for the Keplerate anion. 
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Our model considers the Keplerate as a rigid molecule. Experimentally, 

however, it is observed that the Mo132 pores are flexible, allowing the entrance 

of larger guests than the pore dimensions would suggest, without causing 

irreversible damage of the pore.8b, 237 Experimental studies on the interaction of 

tetra-methyl ammonium cations and the Mo132 macro-ion show that almost no 

encapsulation occurs for this cation. Moreover, experimental analyses 

regarding small cations show that, indeed, these cations are able to enter the 

capsule and interact distorting in some way the concentric water shells formed 

under confinement. Both facts allows us to conclude that, even with the rigid 

body approach, our model reproduces the experimental results.57 

6.3.3 - Temperature Effects 

The last set of MD simulations presented in this chapter has as objective the 

analysis of the effects of the temperature has on the distribution of cations in a 

with respect to the POM macro-anion. On the one hand, the dependence of the 

plugging, for species such as guanidinium or tetra-methyl ammonium, with 

temperature, is by itself of relevance. The conditions under which the capsule is 

completely isolated from the outer medium can have direct implications in 

both scientific and technological applications of Keplerates. On the other hand, 

besides the inherent interest in the effects due to temperature in confined 

environments, it is experimentally observed that some NMR anomalies arise 

when decreasing the temperature for the system Keplerate + NH4
+ in aqueous 

solution,238 which deserve the separate analysis. 

Let us first consider the set of MD simulations, within the NPT ensembles at 

different temperatures, for the Mo132(HCOO-)capsule and guanidinium as 

counter-cations, to keep the system electrically neutral. The analysis of the 

system's behaviour has been performed at different temperatures. Firstly, at 

T=298 K and T=273 K we have performed a 1 ns equilibration run from random 

distributions of C(NH)3
+ outside the capsule, followed by a 4 ns production run. 

Then, from the final state at 273 K, we have performed a progressive cooling of 

the system in which we have lowered the temperature by 2.5 K each 250 ps, 

until T=235.5 K. The simulations corresponding to some cooling steps (T=270.5 

K, T=263 K, T=253 K and T=248 K) have been extended to 4 ns, in order to avoid 

transient effects and loosing ergodicity. 
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One has to keep in mind that the TIP4P/2005 phase diagram of bulk water is 

shifted 20 K to lower temperatures with respect to the experimental observed 

solid-liquid coexistence line at 1 atm. Hence, the solid-liquid transition occurs 

around T=251K.162 Therefore, the temperature of 273 K corresponds to a liquid 

phase for the water model under consideration, while the temperature of 

235.5 K would correspond to a metastable state of supercooled water. For such 

small system, as well as in the presence of the capsule and the counter-ions, 

the metastable state is expected to last very long time, much larger than the 

overall time used in the simulations. Therefore, the process of annealing has 

been used to lead the system to the thermal equilibrium when the relaxation 

processes in the system are being significantly made slower by the decrease of 

the temperature and the increase of the viscosity of water. 

We have analysed in the previous section the radial distribution function from 

the centre of the Mo132(HCOO-) capsule for guanidinium counter-cations at 298 

K and p=1 atm (Figure 6.3). Summing up, the g(r) has 4 peaks. The highest peak 

corresponds to 11 complexed cations inside the pores. In the outer medium but 

close to the POM surface, there are three additional peaks, namely regions 

outside 1, 2, and 3, corresponding to an average population of 2, 9. Taking the 

counter-cations in these three external layers, together with the 

aforementioned complexed ones, the number of bound counter-ions is of 27, 

while the remaining 15 cations are wandering in the bulk. It is therefore 

expected that the decrease of the temperature would allow the progressive 

closing of the twenty pores since, at this latter configuration, the anion would 

still keep a charge of -31. The additional peaks at outer locations turned to be a 

competing effect due to the effective lowering of the overall charge of the 

macro-anion. 

The simulation at 273 K has been carried out starting from the same initial 

configuration as the one at 298 K. Figure 6.10 shows the corresponding radial 

distribution functions for water molecules and counter-cations. In this case, 

after 4ns, we observe that there are only 7 plugging complexed cations, while 

the external peaks sum up to 24 counter-ions, which particularly accumulate in 

outside 2. Therefore, when the temperature decreases from 298 K to 273 K, 

although the number of complexed plugging cations decreases from 11 to 7, we 

observe an increase on the number of counter-cations in the vicinity of the 

capsule, from 27 to 31. We can infer that, if we admit that the final 
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configuration is in thermal equilibrium and that the simulations performed are 

indeed ergodic, the solvation shell of the pore competes with the counter-ion 

that would be likely found deep inside the pore. For the same reason, the 

external peaks are enhanced by the stability of the solvation shells of the 

guanidinium counter-cations, together with the decrease of the Debye length 

with the temperature. 

 

Figure 6.10: Radial distribution function from the centre of the Mo132(HCOO
-
) Keplerate for water 

molecules and guanidinium counter-cations. These results were calculated from the trajectories 
of a 4 ns MD simulations in the NPT ensemble, with T=273 K and p=1 atm. 

The analysis of the structures, obtained through an annealing process, as 

mentioned, reinforces the previous statements. In this case, however, the 

number of counter-cations complexed with the pores increases up to 10, while 

the total number of bound cations rises up to 29. This fact suggests that the 

anomalous value of 7 complexed counter-cations at 273 K may be due to a 

violation of the ergodicity in a system of slow relaxation.  

Therefore, we can conclude that the plugging process is complex, and that the 

interaction between the counter-cations and the POM is mediated by the 

structure of water in a non trivial way. We may consider that complexed 

counter-ions, together with those in the peaks outside 1 and 2 are effectively 
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impairing the transport of substances across the gates. Using this criterion, we 

can estimate that already at 298 K the system would be practically closed. 

 

Figure 6.11: Radial distribution function of water molecules from the centre of the Mo132(HCOO
-
) 

capsule, extracted from NPT simulations of 4 ns length at p=1 atm and at different temperatures. 

 

Figure 6.12: Radial distribution function of guanidinium counter-cations from the centre of the 
Mo132(HCOO

-
) capsule, extracted from NPT simulations of 4 ns length at p=1 atm and at different 

temperatures. 
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In Figure 6.11 we show the radial distribution function from the centre of the 

capsule for the water molecules. When decreasing the temperature, we 

observe that the g(r) profiles are analogous to the ones at 298 K and 273 K. We 

observe that the peaks become sharper as the temperature is decreased, as it 

should be expected. We only detect a new kink between γ and δ layers from 

263 K and below. Although it has no clear explanation, it could be due to 

changes in the structure at the vicinity of the liquid-solid transition of our 

model for water (estimated at 251 K). 

As far as guanidinium counter-cations are concerned, we observe in Figure 6.12 

that the peak associated with the guanidinium counter-cations complexed with 

the pore increases as the temperature decreases. The high of the remaining 

outer layers (outside 1, 2, and 3) has a non monotonic behaviour, due to the 

mediation of the water molecules, but also due to the collective nature of the 

interaction: the increase of the number of counter-cations closer to the centre 

of the cavity weakens the overall electrostatic attraction felt at the outer layers, 

changing their structure. Let us finally remark that at 248 K we find one of the 

complexed ones, right at the inner entrance of the pore. 

To introduce a different view in the complexation and the plugging of the pores 

by the guanidinium counter-cations, we analysed the diffusion coefficient of 

different species at different locations. 

The self-diffusion coefficient (D) of a particle is related to its mean squared 

displacement (<MSD>) at long times, according to Equation 6.1, where t stands 

for time. It is expected that the POM behaves diffusively, as indicated in 

Equation 6.1 at long times, which we estimate of the order of        , where 

R is the hydrodynamic radius of the POM. Using the known radius of the 

Keplerate and the observed diffusion coefficient, we estimate that       . For 

   , we thus expect that the MSD of the centre of the POM, as well as the 

one of any atom at its surface, is comparable, since the translational motion of 

the whole ensemble is the major contribution to the MSD. However, for short 

times, the translation of the centre of mass and the rotational diffusion can be 

separately observed. For such a short time simulation, we can split the MSD of 

any atom in the PM into two contributions, according to Equation 6.2, where r 

represents the distance of the given atom to the centre of mass the Keplerate, 

Dtrans stands for the translational diffusion coefficient, related to the motion of 
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the centre of mass, and Drot is the rotational diffusion coefficient around the 

centre of the capsule of the tagged particle solidly attached to the POM. 

 6MSD Dt   (6.1) 

  2( ) 6 trans rotMSD r D D r t    (6.2) 

When two particles are moving together, they may have different self-diffusion 

coefficients, but their rotational diffusion coefficient value will be the same, 

since the difference in MSD scales with the difference in r2. Therefore, if we 

consider different atoms belonging to the Mo132 macro-ion and we compute 

their self-diffusion coefficient, those values will lay in a straight line when 

represented as a function of the distance to the centre of mass of the 

Keplerate, because of the rigid body approximation. Therefore, we can identify 

whether a counter-ion or water molecule is complexed with the Keplerate for 

times up to the order of 5 ns, by representing its diffusion coefficient as a 

function of the square of the distance to the centre, and verifying that it lays in 

the same straight line as the molybdenum or oxygen atoms of the capsule. 

Thus, the analysis of the self-diffusion coefficient averaged over the particles 

belonging to a given peak of the g(r) gives us information about the relative 

motion between such particle and a the Keplerate anion. 

In order to calculate the self-diffusion coefficient of water molecules, we have 

developed a purpose-made code to compute the MSD of each molecule. Firstly, 

such MSD values were averaged over time. Such time average is performed 

dividing the total length of the simulation in time windows of 100 ps with time 

origins shifted 10 ps each, to increase the statistics. Furthermore, this code is 

able to distinguish which particles belong to a given peak of radial distribution 

in order to perform an average over such molecules, and assign a self-diffusion 

coefficient to each peak of g(r). Our code considers that a molecule belongs to 

a given region when it spends at least the 99% of the time window in the same 

region. To assign a single r value to whole peak, the r values of the molecules 

that spend at least the 99% of the time window in that region have also been 

averaged. This procedure is applied for water molecules and counter-cations. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter 6: Ionic Behaviour of Mo132 in Aqueous Solution 

179 
 

 

 

Figure 6.13: Self-diffusion coefficients (D) of POM atoms (red), water layers (blue) and 
guanidinium counter-cations (green) as a function of the squared distance to the centre of the 
capsule. The red line indicates the values of D that would correspond to the moieties moving 
with the Keplerate ion. Such line has been calculated from the values of D for the POM atoms. 
These results have been extracted from NPT MD simulations at p=1 atm. In this case, T was set to 
270.5 K. 

We thus evaluate the self-diffusion coefficient of water molecules located at 

different layers, as well as and counter-cations, upon cooling. For reference, we 

calculate this property for two types of atoms belonging to the POM unit, thus 

rigidly linked to the capsule, as well as the centre of mass, represented by X in 

Figure 6.13). The two types of atoms are the hydrogen atoms from the 

formates groups and the molybdenum atoms from the POM's scaffold. Self-

diffusion coefficients of X, H and Mo define a straight line, from which the 

translational and rotational diffusion coefficients can be extracted. For the rest 

of species, the closer the diffusion coefficients are to this line, the more 

complexed these particles are to the Keplerate.  

Figure 6.13 is a representative example of the series of simulations at different 

temperatures performed. For the selected temperature of 270.5 K values of D 

of the γ water layer suggest that its dynamics is closer to bulk water than other 

encapsulated water shells, as its D is considerably higher than the straight line 

defined by the POM atoms, as it is for the water molecules in the outside of the 

capsule. In contrast, δ and ε water shells have values of D closer to the line 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter  6: Ionic Behaviour of Mo132 in Aqueous Solution 

180 
 

 

defined by X, H and Mo atoms, which means that these layers act as solvation 

shells of the inner surface of the cavity, strongly bound to it. Such behaviour is 

in agreement with experimental observation of bound and free water and 

previous MD studies performed in our group.12 These results suggest that the 

innermost layers of water have almost bulky properties, while the outermost 

layers have a stronger interaction with the confining surface. Let us define a 

new parameter d, which is the difference between the value of D for a given 

water shell and the value of D given by the straight line at the same distance. 

Figure 6.14 shows the variation of d for the δ and ε water shells as a function of 

the temperature. It is clear that as the temperature decreases, d decreases as 

well, which means that when cooling, the motion of the δ and ε water shells is 

more solidly following the motion of the Keplerate. Such feature of the bound 

water layers was not observed neither for the innermost γ dodecahedron nor 

the external water molecules. 

 

Figure 6.14: Evolution with temperature of the parameter d for the δ (black squares) and ε (blue 
circles) water layers encapsulated inside a Mo132(HCOO

-
) cavity and in the presence of 

guanidinium counter-cations. 
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As the temperature decreases, the dynamics of the guanidinium cations 

belonging to the regions outside 1 and 2 tend to be solidly follow the dynamics 

of the Keplerate. This effect is not observed for counter-cations belonging to 

region outside 3. In Figure 6.13 we observe that the cations inside the pore as 

well as in layers outside 1 and 2 are indeed complexed with the anion, 

confirming our previous statement about the fact that cations in the pore and 

in the proximal outer layers act as plugs of the gates. 

 

Figure 6.15: Representation of the potential of mean force for the guanidinium counter-cations 
as a function of the distance of the cations to the centre of the Mo132(HCOO

-
) capsule. These 

results have been extracted from 4 ns MD simulations in the NPT ensemble at p=1 atm. Different 
temperatures have been included: T=298 K and the extended simulations of the cooling process. 
The dark grey line stands for the Bjerrum criterion. 

The mean force potential is defined as Equation 6.3.147 Following the Bjerrum 

criterion (Equation 6.4) indicates that the effective energy of attraction by the 

anion to a given position at r is twice the thermal energy and the cation can be 

considered as effectively paired. Figure 6.15 shows the profile of W(r)/kBT for 

T=298 K and the corresponding temperatures of the cooling process. For all the 

temperatures analysed, the position inside the pores is largely favoured by 

several kBT, while outside 1 is only weakly favoured at 298 K and could be 

considered as paired, according to the Bjerrum, criterion for lower 
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temperatures. The position outside 2 is stable even at high temperature, while 

outside 3 is not too strongly bound for this range of temperatures. Therefore, 

the dynamic, as well as the thermodynamic considerations, support our 

statements about the plugging of the guanidinium counter-cations in the 

Keplerate. 

  ( )
( ) exp

B

W r
g r

k T


   (6.3) 

 ( )
ln ( ) 2

B

W r
g r

k T
      (6.4) 

 

Figure 6.16: Radial distribution function from the centre of the capsule of the Mo132(CH3COO
-
) 

capsule for water molecules for the 4 ns simulations performed at different temperatures and at 
p=1 atm. Lighter colours represent lower temperatures. 

Finally, we analyse the set of simulations at different temperatures T=298, 273, 

253, and 243 K, a Mo132 capsule with acetate ligands as inner surface 

decoration and ammonium as counter-cation. With respect to the previous 

cases analysed, acetates are larger in size than he formate ligands, but also they 

confer a hydrophobic character to the environment of the pore at the inner 

surface of the cavity. In turn, ammonium cations are not impaired for crossing 

the pores by size exclusion. Therefore, the phenomenology of this system is 
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expected a priori to be significantly different from the one previously studied. 

Moreover, the anomalies observed in NMR spectrum for this system justify a 

thorough analysis through simulations.  

Figure 6.16 shows the radial distribution function of the water molecules at the 

different temperatures considered for the Mo132(CH3COO-). As compared to the 

Keplerate with formate ligands (Figure 6.10), the radial distribution profile is 

significantly different from the pattern in Figure 6.16. In the latter, there is a 

gap caused by the hydrophobic methyl groups of the acetate ligands (dashed 

line in Figure 6.16), which alters the neighbouring δ and ε layers. The reduction 

of space for the δ layer has significantly decreased its high and no substructure 

in form of shoulders is observed. In turn, the ε layer is enhanced, together with 

the ζ layer inside the pore, which has multiply its high by a factor near 5. 

Lowering the temperature sharpen the peaks lying in the hollow of the capsule, 

as one could expect. 

 

Figure 6.17: Radial distribution function from the centre of the capsule of the Mo132(CH3COO
-
) 

capsule for water molecules for the 4 ns simulations performed at different temperatures and at 
p=1 atm. Lighter colours represent lower temperatures. 
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With regard to the ammonium radial distribution function, Figure 6.17 shows a 

different structure from the one for the guanidinium cations previously studied. 

Here, few counter-ions are found in the hollow of the cavity, occupying 

positions corresponding to the valleys between water layers. The most 

remarkable feature of Figure 6.17 is the high peak for ammonium cations inside 

the pores, right at the position occupied by guanidinium molecules in the 

previously studied case. This coincidence also occurs when formate ligands are 

considered (see Figure 6.6 for comparison). Notice that the enhancement of 

the ζ layer corresponds to the solvation of the ammonium cations inside the 

pores. Guanidinium cations excluded the presence of a large amount of water 

molecules at this location. Moreover, ammonium counter-ions are present in 

three small peaks close to the methyl groups of the acetate ligands, namely, 

inside 1, 2, and 3, at 10, 9, and 7.5 Å from the centre of the capsule, 

respectively. Lowering the temperature alters the relative population of these 

peaks in a non monotonous way. While inside 3 increases when decreasing the 

temperature, as it is expected, the inside 1 peak found at 298 K disappears at 

273 K, to reappear again at lower temperatures. The peak inside 2 follows the 

opposite tendency. Therefore, it seems that the ammonium counter-cations of 

peak inside 1 move to flanking positions of the methyl groups of the acetate 

ligands at 273 K, to return to their original location at lower temperatures. We 

believe that such a displacement of ammonium cations is responsible for the 

anomalies observed in the NMR spectrum. 

NMR experiments are based on the interaction between an external and the 

nuclear magnetic field. Such interaction is very dependent on the closes 

environment of the nucleus studied. Changes on the electron density influence 

the degree of shielding/deshielding of a nucleus from an external magnetic 

field, which modify the Larmor frequency, which is eventually detected in an 

NMR experiment.239 There are several factors that can cause changes on the 

electronic density of the hydrogen atoms in the methyl groups of the acetate 

ligands. For instance, one factor is the variation of the local electric field at the 

position of such hydrogen atoms, whose spin is sensitive to the NMR 

experiment. Unfortunately, the model used for the acetate ligands considers 

methyl groups represented as a united atom, in which the H atoms parameters 

are not explicitly described except through redefined Lennard-Jones 

parameters of the ensemble. 
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Figure 6.18: Histogram profile of the square of the modulus of the electric field felt by the methyl 
groups of the Mo132(CH3COO

-
) capsule computed at each snapshot of a 4 ns simulation 

performed at different temperatures. Lighter colours represent lower temperatures. 

In this context, we calculate the square of the modulus of the electric field (E2) 

at the centre of the methyl group of the acetate ligands decorating the inner 

surface of the Mo132 cavity, as an estimate of the effect that the local 

environment would have on the electronic density of the hydrogen atoms 

located in its vicinity. We sample the values of E2 at a frequency larger than the 

Larmor precession frequency, estimate of the order of 100 MHz, understanding 

that the NMR chemical shifts correspond to long-standing properties of the 

system. 

Hence, E2 is computed for each methyl group every 1 ps and normalised 

histograms are calculated for each temperature overall 4 ns. These histograms 

are bell-like distributions and they are collected in Figure 6.18. From this figure 

it is shown that, as the temperature decreases, E2 histograms are thinner, 

higher and shifted to the right, namely, to higher values of E2. This trend is 

broken by the results at T=273 K, which gives a peak lower and shifted to the 

left with respect to the curve at T=298 K. This anomaly is related to the local 

environment of the methyl groups, and coincides with the aforementioned 
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disappearance of the peak inside 1 and rising of the peak inside 2, precisely at 

this temperature. 

We have checked that, when lithium cations replace ammonium counter-ions 

in the same system, this anomaly is not present. This fact is also experimentally 

observed.238 Therefore, although our calculations are not conclusive, the 

anomalous behaviour of ammonium molecules at 273 K, together with the 

lithium results, strongly suggest that the observed anomaly in the NMR 

spectrum could be directly related to the features described in this Chapter. 

6.4 -Conclusions 

The preceding analysis on the behaviour of Mo132 capsules with different 

ligands and counter-cations permits us to draw the following conclusions. 

 We have shown that the choice of a VDD tessellation for the 

assignment of point charges to atomic positions, using the molecular 

geometry obtained from DFT calculations, and considering the Mo132 

capsule as a rigid open system in aqueous solution, yields a similar 

structural picture as previous analyses using the primitive model based 

on X-ray positions obtained from the experiments and a parametrical 

approach for the point charges assignment.12 

 In agreement with experimental observations, MD simulations on the 

Mo132(HCOO-) macro-ion and small cations, as lithium or sodium, show 

how such small cations are able to enter the capsule and interact with 

the layered structure of encapsulated water molecules, without 

strongly distorting the structure of the nanodrop.12b, c In contrast, larger 

cations, as guanidinium and tetra-methyl ammonium, are not found in 

the hollow of the capsule due to size exclusion at the pores. 

 Guanidinium cations can be strongly complexed with the pores, but 

they are also encountered in two stable positions right at the outer 

entrance of the pores. Counting all the guanidinium in these positions, 

we find that the capsule is effectively closed up to 298 K, according to 

our model for the species in our system. 
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 Tetra-methyl ammonium cations cannot enter inside the pore and form 

a strong complex. Instead, they remain at stable positions at the outer 

gate of the pore, analogous to the external peaks of the guanidinium 

case, although slightly shifted outside. The potential of mean force 

indicates that peaks outside 2 and 3 for the tetra-methyl ammonium 

are strongly paired with the capsule and, therefore, they can be 

considered as acting as plugs. The analysis of the system Mo132(HCOO-) 

with tetra-methyl ammonium as counter-cations is addressed in 

Chapter 7. 

 Ammonium cations in the Mo132(CH3COO-) capsule present an 

anomalous behaviour with temperature variations. We have observed 

that, at 273 K, some cations move their positions to the vicinity of the 

methyl groups of the ligands. No such behaviour is observed for lithium 

cations in the same capsule. Since anomalies in the NMR spectrum are 

reported for the former system and not for the latter, we argue that 

the changes in the positions of the counter-cations must be responsible 

for the observed NMR anomalies. 
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7.1 - Introduction 

The characteristic features of the Keplerate’s pores allow these capsules to bind 

positively charged substrates. Some examples have been reported on the 

literature studying this host-guest interaction, but the complete understanding 

of the plugging process of these pores is still an important challenge. In 2002, 

Müller et al. published an analysis of the responsive reactivity of Keplerates 

depending on the pore size.206a They showed that the pore size can be modified 

altering the linkers that join the characteristic pentagonal units of these 

polytopic receptors. In 2003, the same group published another study 

highlighting the ability of nanoporous species to trap molecules with well-

defined shape.205 Müller and co-workers presented Keplerates as structures 

with tuneable functionalised channels (the pores) with molecular-scale filter 

properties. In 2006, they used Keplerates to model the gating mechanism that 

takes place on the transmembrane channels of the biological cells.240  

The interaction between Keplerates and cations in solution can be tracked by 

means of NMR techniques. More precisely, 1H DOSY NMR experiments allows 

the identification of the chemical species present in the mixture through their 

diffusion coefficient. This can be done by observing the attenuation of the NMR 

signals during a pulsed field gradient experiment. The group of Molecular Solids 

of the University of Versailles Saint Quentin, led by Cadot, has a wide 

experience not only on these techniques, but also on the synthesis and 

reactivity of functionalised polyoxometalates.241 This chapter collects the 

results of a joint project with Cadot's group, in which Molecular Dynamics 

simulations were employed to understand the results of NMR experiments. 

This collaboration lead in 2015 to a publication on the Journal of American 

Chemistry Society.57  
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7.1.1 - Summary of Cadot's group experimental results 

Experiments showed that the self-diffusion coefficient of the cations in 

solutions with Keplerates is strongly dependent on the balance between 

solvated and bind counter-cations. Cadot's group was able to characterize the 

plugging process of the pores in terms of its stability constants for different 

cationic guests. They found that the affinity of the capsule for these cationic 

species increases with their apolar character. Thus, the major factor that 

influences the selectivity in the trapping process is such “hydrophobic effect”. 

They studied the behaviour of a set of tetra-alkyl ammonium ions (TAA), 

namely, Me4-xNHx
+, with x=0-4, in the presence of the Keplerate macro-anion 

Mo132, as NH4
+, Na+ or Li+ salts. The self-diffusion coefficient of the TAA cations 

decrease as the plugging process of the pores is taking place. Competitive 

effects between the TAA ions and the other cations present in solution, 

however, also exist. 

Figure 7.1a shows the variation of the self-diffusion coefficient (D) for tetra-

methyl ammonium cations with the polyoxometalate concentration (C0). The 

values of D for the acetate ligands remain constant all over the concentration 

range, while D for the NMe4
+ cation is strongly affected. It is influenced, not 

only by the Mo132 concentration, but also by the other cationic species present 

in solution. On one hand, the dependence of the self-diffusion coefficient with 

C0 can be explained in terms of the pore-cation complexation: the larger the 

number of cations in the bulk, the higher the probability to the free cations to 

find a pore and form pore-cation complex. On the other hand, when C0 

increases, for the three cases studied, each line tends to a different constant 

value. These constants are larger than the self-diffusion coefficient for the 

acetate ligands encapsulated, namely, for the Mo132 polyoxometalate. This 

difference on the behaviour of the NMe4
+ cations can be attributed to the 

competitive character of the complexation process when more than one 

cationic species are present in solution. This competition depends on the 

specific features of the counter-cation. Figure 7.1b represents the 

concentration dependence of D for different alkyl ammonium cations in the 

presence of the Keplerate ion and its corresponding ammonium counter-

cations. In this case, we observe the same decrease of D as C0 increases. Also, 
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different asymptotic values are reached for high values of C0, depending on the 

hydrophobic character of the alkyl ammonium species.  

 

Figure 7.1: a) Variation of the self-diffusion coefficient (D) of the NMe4
+
 ions in the presence of 

different counter-cations (circle) and of the inner acetate ligands (triangle) with concentration in 
Mo132 (C

0
). b) Variation of D of the alkyl ammonium series ion with the concentration of the 

ammonium salt Keplerate. Solid lines represent the calculated data using stability constants. 
These experiments were performed at a fixed ratio of TAA/Mo132=3 and changing the 
concentration in Mo132 (C

0
) from 0 to 5·10

-3
 mol·L

-1
. 

To explain such behaviour, let us consider that the pores on the capsule’s 

surface are sufficiently far apart, to assume that the behaviour of the species 

near one particular pore is independent from the rest. Thus, the plugging 

process would be depending on two equilibria in competition, as Equation 7.1 

shows, where S+ represents the cationic substrate (Me4-xNHx
+, with x=0-4), Y+ 

are the counter-ions (Li+, Na+, NH4
+, C(NH2)3

+) and P the pores. S-P and Y-P 

represent the complexes composed by the anionic pores and the cationic 

species (substrate or counter-ions, respectively). Table  shows the stability 

constant values for both equilibria proposed. From these values, the trend is 

clear: the more hydrophobic character of the cation (represented by the 

number of methyl groups in the case of alkyl-ammonium ions), the larger the 

stability constant. This trend suggests that the NMe4
+ cations interact in a 

specific way with the anionic pores. This fact has been demonstrated by means 

of a pores titration experiment. 

 
S P S P

Y P Y P





 

 
   (7.1) 

UNIVERSITAT ROVIRA I VIRGILI 
KEPLERATES: FROM ELECTRONIC STRUCTURE TO DYNAMIC PROPERTIES. 
María Dolores Melgar Freire 
Dipòsit Legal: T 258-2016



Chapter  7: Hydrophobicity as Driving Force of the Plugging Process of the Mo132 Pores 

194 
 

 

Table 7.1: Stability constants (KX) of alkali, alkyl-ammonium, guanidinium and imidazolium 
complexes of the multi-receptor Keplerate ions at 25

o
C in D2O

a
. 

Ions Y+ Li+ Na+ NH4
+ C(NH2)3

+ 
KY 65 130 370 400 

Ions S+ NMe4
+ HNMe3

+ H2NMe2
+ H3NMe+ 

KS 1550 900 750 475 

Ions S+ Me3NEt+ Me3NPr+ NEt4
+ 

KS 1800 1600 6500 

Ions S+ N,N’-methyl-ethyl-imidazolium 
KS 5800 

a
The standard error in stability constant is ca. 10%, as estimated from the accuracy and the 

reproducibility of the measurements. 

If these results are compared with the ones from another guanidinium 

receptor, as the [27]-crown-O9 macrocycle,34 it appears that the trend is 

completely opposed to the results shown in Table . Lehn et al.242 showed how 

the stability constant for the hexacarboxylate [27]-crown-O9 macrocycle has a 

maximum for the NH4
+ complex and decreases as the number of methyl groups 

in the alkyl-ammonium ion increases. The fact that the stability constant 

decreases with the number of methyl groups can be explained in terms of the 

steric hindrance between the bulky substituents attached to the macrocycle 

and the methyl group of the cationic species. From Figure 7.2 it is clearly shown 

that the steric effect will be dominant. Therefore, the hydrophobic effect is not 

observed on the case of the hexacarboxylate macrocycle. In contrast, in the 

case of Mo132 capsule, as there are no bulky substituents in the vicinity of the 

pores which could cause such a steric effect, the hydrophobic effect becomes 

dominant. Thus, as the hydrophobic character of the cation increases, the 

stability constant slightly increases too, suggesting a “push factor” of the polar 

solvent. 

Variable temperature 1H DOSY NMR experiments have been performed to get 

the information of the thermodynamic parameters (ΔrH
0 and ΔrS

0) that govern 

this plugging process. Then, the Gibbs free energy of the complexation process 

(ΔrG
0) can be estimated (Equation 7.2). Results are shown in Table 7.2. ΔrH

0 

values are always negative, because the interaction takes place between an 

anionic host (the pore) and a cationic guest. ΔrS
0 values are also negative 

because of the loss of degrees of freedom when the guest is assembling the 

pore. Even if the values for the ΔrH
0 are very close for the three species 
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proposed, ΔrS
0 increases with the hydrophobicity of the guest. ΔrG

0 values 

clearly indicate that NMe4
+ has the lower free energy and, therefore, its 

complexation with the Keplerate has the larger stability, while the other two 

species analysed have approximately the same free energy complexation. This 

fact is in agreement with the sequence of the complexation constants given in 

Table 7.1 for these three cations. 

 

Figure 7.2: Correlation between lnKS and the number of methyl substituents (nMe) within the 
alkyl-ammonium series obtained with the Mo132 ion (blue) and the hexacarboxylate [27]-crown-
O9 macrocycle (red).  

Table 7.2: Thermodynamic parameters for the plugging process of selected guests. 

 NH4
+ H2NMe2

+ NMe4
+ 

ΔrH
0 (eV)a -0.3524 -0.2487 -0.2436 

ΔrS
0 (meV·K-1)a -0.6633 -0.3213 -0.1814 
ΔrG

0 (eV) -0.1547 -0.1530 -0.1895 
a
The standard error in thermodynamic parameters is ca. 20%, as estimated from the accuracy 

and the reproducibility of the measurements. 

 0 0 0

r r rG H T S      (7.2) 

In terms of the solvation shells, apolar cations have weak hydration enthalpies, 

so they are easily trapped within the pores. The plugging process is 

spontaneous, due to the negative Gibbs free energies of the process. Together 

with the favourable interaction between the cation and the pore, the entropy 
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gain coming from the release of the water molecules which were initially 

structured around the hydrophobic cation, additionally favours the latter. 

Taking into account the values from Table 7.2, it can be concluded that a small 

hydrophilic guest will maintain its solvation sphere intact during the trapping 

process, while a large hydrophobic guest will desolvate water molecules, 

causing an entropy gain. Hence, if enthalpic interactions are similar, this 

entropy gain is the leading effect that drives the plugging process. 

7.1.2 - Goals 

Regarding the experimental results summarised above, this chapter collects 

results we obtained pursuing the following goals: 

 Understanding the nature of interactions between the Keplerate ion 

and a set of cationic species (ammonium, guanidinium and tetra-methyl 

ammonium cations) by means of Molecular Dynamics Simulations. 

 Estimation of the binding energy of the capsule and the cationic guests 

through DFT calculations. 

 Analysis of the self-diffusion coefficient of the cationic species using 

their mean square displacement (MSD), extracted from Molecular 

Dynamics trajectories. 

 Developing of a post-treatment code to distinguish between the 

different dynamic regimes of the cationic species, inspired by their 

radial distribution function. 

7.2 - Computational Details  

7.2.1 - Density Functional Theory (DFT) 

With regard to the interaction energy between the counter-cations and the 

Mo132 pores, a constrained optimization at the DFT level (GGA BP86/ZORA/TZP) 

has been performed including solvent effects (COSMO194) as implemented in 

the ADF2012 program118). For the COSMO implementation, the atomic radii 

values correspond to the Van der Waals radii from the MM3 method by 
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Allinger198 divided by 1.2. Regarding the numerical integration, the parameter 

that controls the precision of numerical integrals has been set at 4.5. 

First, a geometry that optimizes the energy functional at the described DFT 

level of the [(MoVI(MoV)5O21)12((MoV
2O4(HCOO))30)]

42- system has been 

calculated. Then, the capsule’s coordinates are frozen, while two diametrically 

opposed counter-cations are free to choose the configuration that minimizes 

the system’s DFT energy functional. This strategy was followed because the 

largest changes take place more due to the cation position rather than due to 

small variations of the capsule structure, due to its inherent stability, this 

approach reduces the computational cost significantly. The diametrically 

opposed positions of the counter-cations were chosen in order to have a Ci 

symmetry, thus saving additional computational resources. Then, the bonding 

energy between the cation and the capsule was calculated taking into account 

the energies of the system without cations, the cation without the capsule and, 

finally, the energy corresponding to the whole system composed of the capsule 

and two cations. 

7.2.2 - Classical Molecular Dynamics (MD) 

MD simulations have been performed using the DL_POLY Classic 1.9 program 

package176 in order to study the properties of Mo132 Keplerate in the presence 

of different cationic species in solution. For this purpose a simulation box with 

initial dimensions of 7x7x7 nm3 was defined. This box contains one Mo132 anion 

with 30 fixed formate ligands, the corresponding 42 counter-cations and 11000 

water molecules. This results in a system with a density of 1.09g·cm-3 and a 

concentration of Mo132 anions C0=0.0048 mol·L-1. 

All the molecules in this system were treated as rigid objects to reduce the 

computational cost. The properties calculated in this study will not depend on 

the details of the potential (vibrational motion, flexibility, polarizability, etc.). 

Hence, considering molecules as rigid bodies should not affect strongly these 

results. Intermolecular interactions were modelled using dispersion (Lennard-

Jones (LJ) potentials) and electrostatic forces. The water molecules were 

represented by the TIP4P/2005 model162 due to its excellent capability to 

reproduce bulk water properties at a wide range of conditions. Regarding the 

dispersions forces, for the polyoxometalate, LJ parameters from previous 
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studies have been employed.16c In these studies, different polyoxometalates 

systems were modelled.12a, 12c, 147, 177  For the formate ligands and the counter-

cations, the OPLS-AA force field parameters have been used.145b, 146a Crossed 

interactions between unlike atoms have been calculated from Lorentz-

Berthelot combining rules.144 Regarding the electrostatic interactions, in the 

case of the Keplerate, partial charges derived from the Voronoi Density 

Deformation population174a analysis of the electron density were used. This 

partial charges were obtained from a fully optimised geometry of the 

[(MoVI(MoV)5O21)12((MoV
2O4(HCOO))30)]

42- system computed by means of a DFT 

based method.  Long-range Coulombic interactions were evaluated through the 

Ewald summation technique, with a convergence parameter of 0.210 and 

considering a maximum of six wave vectors in each direction. Translational 

equations of motion were integrated using the Verlet leapfrog algorithm with a 

time step of 1 fs and a cut-off of 16 Å. 

The simulations were carried out in the NPT ensemble at standard ambient 

conditions (T=298 K; P=1 atm), controlled by a Nosé-Hoover thermostat and a 

Andersen barostat with relaxation times of 0.02 ps and 0.1 ps, respectively. 

Periodic boundary conditions were used in all the simulations. The initial 

configurations, generated with the Packmol137 software, were equilibrated 

during 1ns while the production runs were extended until 4 ns. Both 

equilibration and production runs were performed with a time step of 1 fs. 

System snapshots were stored each 1000 time steps. These trajectories were 

analysed with a purpose-made post-treatment code that computes the mean 

squared displacement for different parts of the Mo132 and the cations. For this 

purpose, sequential temporal windows of 100 ps long with time origins shifted 

10 ps each were averaged. Furthermore, cations were treated differently 

depending on their relative location with respect the polyoxometalate in order 

to distinguish those cations associated and those not associated to the capsule. 

For that purpose, the simulation box was divided into a set of regions. These 

regions are concentric shells around the centre of mass of the polyoxometalate, 

and their boundaries are located to contain the peaks of the radial distribution 

function of the given counter-cation (g(r)). In this context, a counter-cation 

belongs to a region when it spends at least the 90% of the time window in that 

region. For calculating g(r), the simulation box was divided into concentric 

shells of width of 0.035 Å with their origin at the centre of the Mo132 capsule.  
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7.3 - Results 

Constrained optimizations at the DFT level have been performed for estimating 

the bonding energy between the polyoxometalate and the cations. We 

followed the same procedure for three different cations, namely: ammonium 

(NH4
+), guanidinium (C(NH2)3

+) and tetra-methyl ammonium (NMe4
+) cations. 

Table 7.3: Bonding energies between different cations and the Mo132 capsule. 

 ΔE (eV) 

NH4
+ -0.66 

C(NH2)3
+ -1.00 

NMe4
+ -0.51 

 

Results from Table 7.3 suggest, based on a purely electrostatic DFT analysis, 

that guanidinium pore-cation complex is the most stable pair, followed by the 

ammonium cation and, finally, the tetra-methyl ammonium cation. 

Experimental results, however, show that the formation of NMe4
+-pore 

complex is instead preferred, emphasizing the importance of the hydrophobic 

character of the cation, as it was already mentioned. To understand this 

discrepancy, one should take into account that, on the one hand, DFT results 

reflect the electrostatic interaction between fragments partially screened by 

the solvent, via a continuous solvent model. This interaction is evaluated in a 

static context, as no time evolution was considered on the DFT analysis. We 

think that, in this way, hydrophobic effects cannot be properly taken into 

account, as the entropy cannot be evaluated by means of DFT. On the other 

hand, Table 7.3 represents differences between bonding energies, which 

cannot be directly compared with thermodynamic properties as given in Table 

7.2.  Nevertheless, results from Table 7.2 can be understood as the enthalpic 

contribution to ΔE. Both values, ΔE and ΔHexp, can be compared in the case of 

NH4
+ and NMe4

+ species. Both ΔE and ΔHexp indicate that energetically, 

ammonium cations bind more strongly than NMe4
+. Also, it is worth noting than 

ΔE and ΔHexp present the same order of magnitude. 

As hydrophobic effects cannot be reproduced on the basis of DFT calculations, 

classical Molecular Dynamics simulations of the Mo132 Keplerate, water 
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molecules and cations have been carried out to better understand the 

behaviour of the system in solution.  

 

Figure 7.3: Snapshots from MD simulations of Mo132 with different counter-cations. 

According to the radial distribution function (Figure 7.4), we identified two 

clearly different patterns. The radial distribution functions for both the NH4
+ 

and the C(NH2)3
+ systems show a similar profile, while for the NMe4

+ system, 

the distribution outside the capsule is more structured. In the case of NH4
+ and 

C(NH2)3
+, starting from left to right, there is a first peak (around r=11.2 Å for 

both cases) corresponding to 12 and 11 cations respectively that are placed 

within the pores, just behind the metal-oxo frame-work (represented by the 

dashed line in Figure 7.4). None of these cations are found in positions closer to 

the centre of the capsule. Although the similarities in the g(r) profiles of the 

NH4
+ and the C(NH2)3

+ cations, there are also some differences, due to their 

different nature: while the ammonium cations are small enough to move within 

the pores, guanidinium counter-cations have the size and the symmetry to act 

as plugs in the pores. Furthermore, when one guanidinium cation plugs a pore, 

we observe that this situation remains stable for the rest of the simulation.  
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Figure 7.4: Radial distribution functions for the ammonium (orange), guanidinium (green) and 
tetra-methyl ammonium (blue) cations. The numbers in grey represent the number of cations 
associated to each peak. Dashed line represents the capsule metal-oxo framework.  

After the main peak at around 11.2 Å, for both cases, the cations are located 

near the pore's entrance (second peak, at 13.56 Å for the NH4
+ system and at 

14.14 Å for then C(NH2)3
+ system) or even further away from the centre of the 

capsule. Therefore, for these two cations we observe that about on half of 

them are bind to the capsule in and around the pores, while the other half 

(approximately) lay at the capsule surface, in other locations, according to 

Figure 7.3. 

In the case of NMe4
+, the g(r) profile shows remarkable differences from the 

previous ones. About 17 cations among the 42 are located at the surface of the 

capsule. Few of them correspond to the first peak (r=13.81 Å), which perfectly 

plug the pore, as is shown in Figure 7.3. This plugging cations show the same 

host-guest arrangement that observed in X-ray experiments of the single-pore 

model, namely [(α-AsW9O33)3(WO(OH2))3(Mo2O2S2(H2O)4)]
13− anion.243 The 

second and third peak in the radial distribution function (r=16.55 Å and r=18.52 

Å respectively) represent cations that remain close to the capsule surface for 

rather long time. Cations belonging to the second peak are located just over the 

pores and preferentially oriented as the plugging ones described for the first 
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peak, but further away from the capsule. Indeed, the average angle value 

between the N atoms of the NMe4
+ cations of this region, the centre of the 

capsule, and the corresponding pore centroid is less than 10°, indicating that all 

the cations in this region are almost perfectly facing the pores. Cations 

belonging to the third peak did not show any specific attraction to the pore 

structure and simply remain close to the capsule due to their electrostatic 

interaction with the latter. Furthermore, none of the tetra-methyl ammonium 

cations entered into the capsule. Even if experimentally few NMe4
+ can be 

found encapsulated, our theoretical model treats the POM and its ligands as a 

rigid unit and, therefore, it does not have the necessary flexibility of the pores 

and the lability of the ligands, that would permit NMe4
+ cations to enter the 

capsule. 

In order to have a deeper understanding of the behaviour of these counter-

cations and their interactions with the Keplerate capsule, a self-diffusion 

coefficient analysis has been performed. The fact that the radial distribution 

function presents clear and well-separated peaks in all the cases allows us to 

distinguish between different dynamic regimes. The self-diffusion coefficient 

analysis has been carried out dividing the simulation box on spherical shells 

according to radial distribution function profiles. Once these regions have been 

defined, the DL_POLY trajectories of the central atoms of the cations (N in the 

case of ammonium and tetra-methyl ammonium cations and C in the case of 

guanidinium ions) are chosen to compute representative MSD values for the 

cations. To compute this MSD values, a post-treatment code specifically made 

for this purpose has been used. This code divides the total length of the 

simulation (4ns) in time windows, with a time origin shifted 10ps for 

consecutive windows, thus resulting in 391 time windows of 100ps. Also, the 

program is able to distinguish which cations belong to each region. For this 

purpose, trajectories of the cations that spend less than the 90% of the time 

window in the same region are rejected. Once the suitable trajectories are 

chosen, the MSD calculation reduces to the evaluation of the displacement of 

the ion from its position at the initial time during the time window. By 

construction, diffusion across the layers is discarded. This MSD value should be 

averaged over all the atoms in the same situation (belonging to the same 

region) and all the time windows. 
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Once the MSD has been computed, the self-diffusion coefficient can be 

calculated by means of Equation 7.3. 

 6 ·MSD D t   (7.3) 

Thus, plotting the averaged MSD versus the time should result on a straight 

line, which slope is directly related to the self-diffusion coefficient.  

Table 7.4: Regions considered for the MSD treatment, inspired on the peaks showed in the g(r) 
plots (Figure 7.4) 

 NH4
+ C(NH2)3

+ NMe4
+ 

Region 1 r< 12.55Å r< 12.15Å r< 15Å 
Region 2 12.55Å <r< 15Å 13.34Å <r< 14.85Å 15Å <r< 17.7Å 
Region 3 15Å <r< 22.5Å 14.85Å <r< 17.21Å 17.7Å <r< 20Å 
Region 4 r> 22.5Å 17.21Å <r< 19.09Å r> 20Å 
Region 5 - r> 19.09Å - 

 

To distinguish which counter-cations have formed a pore-cation complex, we 

can take advantage of the fact that bounded cations are expected to diffuse 

and rotate with the Keplerate capsule. So, its measured diffusion coefficient 

(Dion) should scale as r2 Equation 7.4, where Dtrans is the cation's translational 

diffusion coefficient, Drot its rotational diffusion coefficient and r the distance 

between the tagged atom and the centre of the capsule. This equation is 

limited to short simulation times because complexed ions will diffuse like the 

capsule asymptotically at long times. Hence, to properly separate rotational 

from translational diffusion we are bound by the condition Dtransl<<R2, where R 

is the radius of the Keplerate. This characteristic time range is about 5ns for our 

system, and, thus, our time windows length is short enough for Equation 7.4 to 

apply. 

 2( )ion trans rotD r D D r    (7.4) 

If we take as a reference the self-diffusion coefficient of different parts of the 

Mo132 capsule (namely, the centre of the capsule, the Mo atoms and the H 

atoms belonging to formate ligands), these values of D should lay in a linear 

correlation when plotted as a function of their distance to the centre of the 

capsule, according to Equation 7.4. Hence, the diffusion coefficient of bound 

cations would satisfy the same correlation, because they move together with 
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the capsule. In contrast, those cations that move free or are loosely bound to 

the Keplerate should exhibit diffusion coefficients expected to fall well above 

this linear correlation. 

Table 7.5 shows the numerical values for the self-diffusion coefficient for the 

whole set of cations and its previously defined regions. Those numerical values 

differ enough from a region to another to support our approach distinguishing 

the different dynamic regimes for the cations. 

Table 7.5: Self-diffusion coefficient values for the three simulations of the different parts of the 
polyoxometalate and the different regions defined for the counter-cations. 

NH4
+ r2 (10-6μm2) D (μm2/s) 

Centre of mass of Mo132 0 66.63±0.18 

H from HCOO- groups 0.84 94.42±0.20 

Mo from Mo132 1.77 125.77±0.24 

NH4
+ from region 1 1.26 112.37±0.26 

NH4
+ from region 2 1.89 149.7±1.3 

NH4
+ from region 3 3.52 908.3±3.9 

NH4
+ from region 4 >5.06 1509.4±1.0 

C(NH2)3
+ r2 (10-6μm2) D (μm2/s) 

Centre of mass of Mo132 0 63.85±0.13 

H from HCOO- groups 0.84 91.27±0.13 

Mo from Mo132 1.77 122.20±0.17 

C(NH2)3
+ from region 1 1.26 108.37±15 

C(NH2)3
+ from region 2 2.01 119.97±0.48 

C(NH2)3
+ from region 3 2.50 206.00±0.91 

C(NH2)3
+ from region 4 3.28 417.68±2.1 

C(NH2)3
+ from region 5 >3.64 862.50±0.74 

NMe4
+
 r2 (10-6μm2) D (μm2/s) 

Centre of mass of Mo132 0 52.90±0.25 

H from HCOO- groups 0.84 70.67±0.22 

Mo from Mo132 1.77 90.73±0.19 

NMe4
+ from region 1 1.91 103.40±0.41 

NMe4
+ from region 2 2.67 126.37±0.28 

NMe4
+ from region 3 3.55 296.35±0.81 

NMe4
+ from region 4 >4.00 851.60±1.6 
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Figure 7.5 shows the linear correlation for the three systems, defined by the 

entities that are on the same dynamic regime. For the three systems, the 

regression includes the values of D for the centre of the capsule, the Mo atoms 

and the H atoms from the formate groups, all of them moving as a rigid solid by 

construction of the model. Furthermore, Figure 7.5 also includes also the two 

first regions defined for the cations (see Table 7.4). But these regions have 

different meanings depending on the system simulated. For the guanidinium 

and ammonium systems, the two first regions represent the cations that are 

within the pores, while for the tetra-methyl ammonium system, only the first 

region represents such situation. Region 2, in this case, corresponds to those 

cations located just over the pores and oriented as the plugging ones. 

 

Figure 7.5: Regression of the self-diffusion coefficient data for different entities of the Mo132 
capsule (centre of mass, H and Mo atoms) (red) for the three systems in the presence of different 
cations: NH4

+
 (orange), C(NH2)3

+
 (green) and NMe4

+
 (blue). The entities that move together lay in 

straight line for each simulation (a for the NH4
+
 system, b for the C(NH2)3

+
 system and c for the 

NMe4
+
 system). The (r.x) labels indicates both the type of cation (label colour) and the region 

which it belongs to (x).  
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Table 7.6: Numerical values of the regression coefficients from Figure 7.5. 

 Dtrans (μm2/s) Drot  (106·s-1) 

NH4
+ 66.63±0.18 38.1±2.4 

C(NH2)3
+ 66.85±0.13 31.2±1.5 

NMe4
+ 52.90±0.25 25.6±1.3 

 

Table 7.6 includes the coefficients of the linear regression shown in Figure 7.5. 

Both translational and rotational self-diffusion coefficient present similar values 

in the case of NH4
+ and C(NH2)3

+  simulations, comparing with the NMe4
+ 

system. This fact could be explained in terms of the size of the dynamic unit, 

which will be proportional to the hydrodynamic drag. For both cases, NH4
+ and 

C(NH2)3
+, the dynamic unit comprises the polyoxometalate and the two first 

counter-cations regions, resulting on a radius (without taking into account the 

water solvation shell of these cations) of 13.74Å and 14.18Å respectively. For 

the NMe4
+ system, the dynamic unit also comprises the Keplerate and the two 

first cations regions, but in this case these two regions are located further from 

the centre of the capsule (region 1 cations plugs the pores, but region 2 cations 

do not), resulting on a radius of 16.34Å. This value is slightly larger than the 

previous cases; therefore, it explains the lower values for both translational and 

rotational diffusion coefficient observed in the case of NMe4
+. 

7.4 - Conclusions 

 Bonding energies for the pore-cation complex were computed at the 

DFT level. These energies suggest that the most favourable complex 

would be with guanidinium as counter-cation, followed by ammonium 

and tetra-methyl ammonium cations, in contrast to the experimental 

results. 

 MD simulations of the Mo132 Keplerate in aqueous solution and a set of 

cations were performed, suggesting a stronger interaction Keplerate-

NMe4
+. 

 g(r) profiles extracted from MD simulations show two different 

patterns. Guanidinium and ammonium cations present similar g(r). In 

these cases, the main g(r) peak represents the cations that are placed 
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at the capsule's pores. In contrast, NMe4
+ cations are more structured 

in the outside vicinity of the capsule. 

 The translational and rotational contributions to the self-diffusion 

coefficient allow us to distinguish the cations with the same dynamic 

behaviour of the capsule. Units moving together should have the same 

rotational self-diffusion coefficient. For the three cases studied, the 

cations belonging to  the two first regions defined by the g(r) profiles 

are moving with the POM anion. Nevertheless, these regions have 

different meanings depending on the cationic specie. For C(NH2)3
+ and 

NH4
+ cations, the main contribution to these regions comes from the 

cations that are placed at the pores. In contrast, the second region for 

NMe4
+ includes the cations that are surrounding the POM, but further 

away from the capsule centre. 

 The increase of the stability constants with the hydrophobic character 

of the cationic species suggests that the complexation process can be 

explained in terms of the “push factor” produced by a polar solvent 

such as water. 
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The following lines are aimed at summarising the most relevant conclusions 

extracted from the previous chapters: 

 Our systematic DFT study on the electronic structure of the Keplerate 

family (Chapter 3) shows that the composition of the capsule influences 

the HOMO-LUMO energy gap and, therefore, its stability. For instance, 

W pentagonal units and sulphur-bridges systems present a larger gap. 

 In contrast, the presence of different internal ligands and coordination 

water molecules does not affect significantly the electronic structure of 

the Mo132 Keplerate, which means that the inherent stability of the 

capsule determines the stability of the whole system. 

 Keplerates not reported on the literature yet, such as W132, W12Mo120 

and the fully oxidised Mo132, seem to be stable from a theoretical and 

electronic point of view. Nevertheless, further theoretical and 

experimental studies must be performed. 

 

 We have shown that even if the capsule is a macro-anion, negatively 

charged ligands can be labily bonded to the linker units due to the 

relevance of the Orbital Interaction contribution to the bonding energy. 

 Comparing bonding energies between the capsule and a set of 

carboxylate ligands with different carbon chains, almost the same 

results are obtained. In contrast, when different species of bidentate 

ligands are considered, the trend obtained is as follows (from the most 

stable complex to the less): CO3
2-, CH3COO-, CH2CHCOO-, HCOO-, HCO3

-, 

SO4
2- (HSO4

- has not been included in this list because the full-system 

model shows a positive bonding energy for this ligand). Such trend in 

stability is pretty similar to the pKb of the ligands. 

 

 We are able to reproduce the Raman spectra time evolution of the 

Mo132 formation at the DFT level by considering different combinations 

of pentagonal and dimeric building blocks: for instance, systems 

formed by two pentagons and their corresponding linker present the 

same Raman pattern oberved experimentally upon acidification. 

Furthermore, the characteristic Mo132 Raman fingerprint corresponds 

to the spectrum of a pore framework composed of three pentagons 

and three linkers. 
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 From the analysis of the condensation energies computed at the DFT 

level between pentagons and linkers involving and increasing number 

of protons, we conclude that such condensation is more favourable 

when both structures have an intermediate degree of protonation. This 

feature has as consequence that condensation reactions are very pH-

dependent, which is in agreement with experimental observations. 

 

 The definition of new parameters regarding the force field of MD 

simulations yields a similar structural picture as previous analyses using 

the primitive model based on empirical parameters.12 This new force 

field is partially extracted from the aforementioned DFT calculations. 

 Our MD simulations on the Mo132(HCOO-) system show that small 

cations, such as lithium and sodium, are able to enter the capsule, in 

agreement with experimental observations. Other cationic species, 

such as guanidinium or ammonium, are rather located inside or near 

the pores. In the case of tetra-methyl ammonium counter-ions, they 

are stable at positions at the outer gate of the pore.  

 

 Regarding the Mo132(CH3COO-) system with ammonium as counter-

cation, the distribution of the cations is altered upon cooling. More 

precisely, at 273 K, some counter-ions approach the methyl groups of 

the acetate ligands. This effect is not observed when the ammonium 

molecules are substituted by lithium. The consequence that the 

approximation of ammonium cations can cause on the closest 

environment of the hydrogen atoms of the methyl groups of the 

ligands could be related with the experimentally observed NMR 

anomalies for this system. Further studies, both theoretical and 

experimental, must be carried out to deepen the effects of 

temperature on the Mo132 and counter-cations behaviour at low 

temperatures. 
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