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Abstract 

With the aim of finding alternative reaction media for the synthesis of 

subvalent main group and transition metal cluster compounds, traditionally 

made through solid state reactions or in superacidic media, different alternative 

reaction media have been explored in this work. Room-temperature ionic 

liquids are amongst the more unconventional reaction media used. The 

syntheses performed have been aimed at both anionic and cationic cluster and 

the main tools used for characterization have been different X-ray diffraction 

and spectroscopic techniques.  

Selected ionic liquids have along with dichloromethane been shown to work as 

alternative reaction media for room temperature synthesis of the Bi5[GaCl4]3 

salt. The salt containing the subvalent naked bismuth polycation Bi5
3+ was 

isolated from reduction reactions of BiCl3 in Ga/GaCl3-dichloromethane 

respectively Ga/GaCl3-ioinc liquid media. Three different classes of ionic 

liquids based on phosphonium-, imidazolium- and pyrrolidinium- salts have 

been used in synthesis. Homopolyatomic clusters from the lighter Group 15 

element arsenic have also been studied. Solutions from the oxidative and 

reductive reaction routes of arsenic and AsCl3 in Lewis acidic toluene media 

were studied by EXAFS spectroscopy. The results were evaluated using 

molecular dynamics simulations of arsenic clusters. A discussion on how the 

calculated As4 cluster model relates to the experimental data resulted from this 

study. 

In terms of homopolyatomic anionic clusters the [K+(2,2,2-crypt)]2Ge9
2- 

compound containing the naked Ge9
2- anionic cluster has been isolated. The 

crystallographic investigation of [K+(2,2,2-crypt)]2Ge9
2- shows Zintl cluster 

anion Ge9
2- to be tricapped trigonal-prismatic with a symmetry very close to 

D3h. A chemical bonding analysis reveals two local minima of D3h symmetry 

and the cluster interaction scheme to be based on highly delocalised bonding. 

Ligand supported transition metal clusters from tungsten and palladium have 

also been prepared. Reduction of WCl6 in a reaction mixture of ionic liquid and 

co-solvent toluene resulted in tritungsten decachloride; W3Cl10(MeCN)3, being 

formed. Furthermore, palladium sandwich compounds; [Pd2(Ga2Cl7)(C7H8)2], 

[Pd2(GaCl4)(C9H12)2]∙C9H12 and [Pd2(Ga2Cl7)(C6H5Cl)2] have been prepared 

using GaCl3-arene reaction media.  

 

Keywords: metal cluster, Zintl ion, metal-organic ‘sandwich’ complex, ionic liquid, X-ray 

diffraction, spectroscopy, crystal structure. 
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Sammanfattning 

Med målet att hitta alternativa reaktionsmedier för bildandet av subvalenta 

klusterföreningar, som traditionellt bildats i fast-fas reaktioner eller under 

mycket sura förhållanden, har en rad alternativ reaktionsmedier undersökts. 

Grundämnen från periodiska systemets d-respektive p-block har använts i 

syntes. Rumstempererade jonvätskor utgör några av de mer okonventionella 

medier som använts. Synteserna har inriktat sig på både katjoniska och 

anjoniska kluster och en rad olika analysmetoder baserade på röntgen 

diffraktion och spektroskopi har använts för karakterisering.  

Jonvätskor samt diklorometan har visat sig vara användbara reaktionsmedier 

för syntes vid rumstemperatur av saltet, Bi5[GaCl4]3, som innehåller den 

”nakna” subvalenta vismut polykatjonen Bi5
3+. Bi5[GaCl4] har isolerats från 

reduktion av BiCl3 i Lewis sura reaktions lösning av Ga/GaCl3 i diklorometan 

samt i jonvätska. Jonvätskor baserade på tre olika typer av katjoner; fosfonium, 

imidazolium och pyrrolidinium, har visats användbara som syntesmedier för 

Bi5[GaCl4]. Dessutom har homopolyatomära kluster från grundämnet arsenik 

studerats med EXAFS spektroskopi. Lösningar från oxidation och reduktions 

reaktioner av arsenik respektive AsCl3 i Lewis sur toluen lösning har studerats 

och resultaten utvärderats utifrån molekylär dynamiska simuleringar av arsenik 

kluster. En diskussion rörande hur den beräknade As4 modellen passar dessa 

data har resulterat från studien.  

När det kommer till anjoniska kluster så har [K+(2,2,2-crypt)]2Ge9
2- föreningen, 

innehållande det ”nakna” anjoniska klustret Ge9
2-

, framställts. En 

kristallografisk undersökning av [K+(2,2,2-crypt)]2Ge9
2- visar att Zintl kluster 

anjonen Ge9
2- har en tricapped trigonal-prismatisk geometri med en symmetri 

som ligger väldigt nära D3h. En kemiskbindningsanalys påvisar två lokala 

minima för D3h symmetrin och att kluster interaktionerna i Ge9
2- till största del 

är baserad på delokaliserade bindningar.  

Syntes av ligand stabiliserade kluster från grundämnena volfram och palladium 

har resulterat i bildandet av volfram kloriden; W3Cl10(CH3CN)3, från reduktion 

av WCl6 i jonvätska innehållande toluen. Palladium ”sandwich” föreningarna; 

[Pd2(Ga2Cl7)(C7H8)2], [Pd2(GaCl4)(C9H12)2]∙C9H12 och [Pd2(Ga2Cl7)(C6H5Cl)2] 

har framställts från aromatiska reaktionsmedier innehållande Lewissyran GaCl3.  

 

Nyckelord: metall kluster, Zintl jon, metallorganiska ”Sandwich” komplex, jonvätskor, 

röntgen diffraktion, spektroskopi, kristallstrukturer. 
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1. Introduction 

1.1 Background 

Within the broad field of inorganic chemistry the study of metal-metal bonded ‘cluster’ 

compounds make out a small yet important and exciting field. The interest and development in 

this area had a high during the 1960 and 1970’s and was under rapid development over the 

following 20 years or so. The research on transition metal and main group clusters were during 

this time lead by chemists such as Cotton,1 Corbett,2–7 Lipscomb,8 Bjerrum,9,10 Gillespie11 and 

Muetteries.12 Cotton is mentioned as the one who coined the word ‘cluster’. A generally accepted 

and used definition of clusters is that of a cluster consisting of: An aggregate of two or more like atoms 

linked by direct and substantial element-element bonds.13 The improvement and development of more 

efficient X-ray and spectroscopic equipment during the latter part of the 19th century contributed 

to the rapid progress and growth of cluster chemistry during this time.  

There are today a vast number of structurally characterized entities that fall into the category of 

clusters. Moving across the periodic table a wide variety of clusters are known to form. The 

‘suboxides’ of rubidium and cesium, Rb9O2 and Cs11O3 and the organometallic cluster of lithium, 

Li6(C6H11)6
14 are examples of clusters from the early main group elements. 15 From reactions 

between alkaline metals (Group 1) or alkaline earth metals (Group 2) and post-transition metals 

in Groups 13-16 naked anionic clusters are known to form. The Sn9
4- found in Na2(en)7Sn9  

(en=ethylenediamine) is one example.16 These types of clusters were studied by Zintl and co-

workers in the 1930’s and make out a well-known group of clusters referred to as Zintl-clusters 

or Zintl-phases.17,18 Boron hydride (borane) clusters such as the [B6H6]
2- are yet another group of 

clusters worth mentioning. Stock, was in the early 19th century, one of the pioneers of borane 

chemistry.19 The boranes have played a significant role in relating geometrical structure of clusters 

to their number of bounding skeletal electrons (Wade’s rules).20 The application of this relation 

on main group clusters will be discussed later in the introduction. The ‘buckyballs’ or fullerenes, 

of which the C60 is the most well-known, are also examples of cluster type of compounds.21 The 

fullerenes have been the source of excitement not only for the scientific community but also 

from the public. Kroto, Curl and Smalley were awarded the Nobel Prize in 1996 for their role in 

the discovery of these compounds. More recently communicated clusters are the [P9]
+[Al(ORF)4]

- 

(RF= C(CF3)3) cluster reported by Krossing et. al.22 as well as the [Bi10Au2](SbBi3Br9)2 reported by 

Ruck et. al.23 The diversity of clusters in terms of composition and structure are exemplified in 

Figure 1 on the next page. 

 

http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=4AlCmFk82jmcEhKm@H3&page=1&doc=1
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 (a)                   (b)        (c) 

Figure 1 Selected examples of cluster compounds: (a) Li6(C6H11)6,
14 (b) Sn9

2- of the Na2(en)7Sn9
16 

and (c) [Bi10Au2](SbBi3Br9)2.
23 

Clusters generally fall in to one of two categories: ‘naked clusters’ or ligand supported clusters. 

Naked clusters are clusters that are unsupported and/or destabilized by strong ligand 

interactions.13 The fact that these clusters are referred to as being ‘naked’, should not be taken as 

absolute but rather as a descriptive representation. The naked clusters are mainly formed from 

the heavier main group elements in Groups 14-16 (members of the post-transition metals). 

Ligand supported clusters on the other hand depend highly on the presence of supporting ligands 

such as carbonyls.24 The transition metals are likely to form these types of clusters.  

Generally clusters might be of either the homo- or hetero-polyatomic type, that is, clusters containing 

either only one type of atom or two or more different types of atoms. The clusters of the main 

group elements and transition metals might also be either ‘electron-precise’, having an adequate 

number of electrons on the vertex atoms; electron-rich, having more electrons than required to 

form connected polyhedras; or electron-poor, having few electrons to form localized bonds (2c2e)-

bonds along the edges of the cluster.25 The clusters may also be uncharged (neutral) or charged 

(anionic or cationic). Some clusters have also been shown to be subvalent having an unusually low, 

positive oxidation state, which generally will not be stable in aqueous solution.25 It is also so that naked 

cationic post-transition metal clusters are subvalent. 

In the continued introduction and following chapters homopolyatomic cationic and anionic 

clusters of the naked and subvalent kind as well as ligand supported transitions metal clusters will 

be dealt with in more detail. The main group elements arsenic and bismuth of Group 15 are the 

primary objectives, though bismuth will receive most attention. Zintl clusters and specifically the 

Ge9
2- cluster will also be discussed as will trinuclear tungsten halide cluster W3Cl10 and binuclear 
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clusters with ‘sandwiching’ aromatic ligands of transition metal palladium. These topics represent 

the main theme of the thesis. 

The investigation of subhalides, that is, subvalent halides of the main group elements bismuth, 

led in 1961 to the isolation of the subvalent naked cationic cluster, Bi9
5+ by Corbett and co-

workers.4,5,7 The cluster was found to be present in the (Bi9)4(BiCl5)8(Bi2Cl8)2 subchloride isolated 

from a molten Bi-BiCl3 mixture. The chemistry of bismuth has since then been extensively 

studied and the formation of naked subvalent clusters of bismuth is a well-known feature. 

Cationic bismuth clusters such as; Bi5
+,26,27 Bi5

3+,2,28–32 Bi6
2+,26,27,33 Bi8

2+,2,31,32,34 Bi9
5+,4,5,7,35–38 and 

Bi10
4+(the latter stabilized by capping or enclosed heteroatoms),39–42 have been reported. Some of 

these clusters are known to be formed from a number of different reaction conditions such as; 

solid state, superacidic media, Ga/GaX3-arene media (X=Cl, Br) and ionic liquids. In 2004 

Lindsjö et. al. reported on the first structurally characterized homopolyatomic antimony cluster 

cation, Sb8
2+.43 Homopolyatomic cluster cations from arsenic and phosphorous have since been 

the only two members of the elements in Group 15 in the periodic table, for which no 

homopolyatomic cluster cations in condensed phase have been reported. Though, a recent report 

on the [P9]
+[Al(ORF)4]

-, (RF=C(CF3)3) salt containing the first known homopolyatomic 

phosphorous cation P9
+,22 has left arsenic as the only member for which no solid state structure 

of homopolyatomic cations have been reported.  

In terms of anionic post-transition metal clusters, the germanium based Zintl clusters have been 

reported in several alkali metal compounds. The Ge4
4- from the equimolar compound K4Ge4 

(first denoted KGe)44 and Ge9
4-, found in Cs4Ge9

45 and in a number of compounds stabilized by 

large sequestered counter cations.46 One of the earliest structurally characterized example of a 

germanium Zintl anion stabilized by a cation sequestered in a multidentate ligand, a cryptand, is 

(crypt-K+)6Ge9
2-Ge9

4- 2.5en  (en= etylenediamine) reported by Corbett el. al. 47 The preparative 

routes of using cryptands in synthesis have also resulted in the isolation nine-atom germanium 

clusters such as; Ge9
3- and Ge5

2-.48,49   

Tungsten is associated with chalcogenide or halide ligands and with cluster skeletal geometries 

based on either metal triangles or octahedral Some examples of recently published tri- or hexa-

nuclear tungsten halide compounds are;  Sn[SnCl][W3Cl13],
50 W3Cl10(Hg2Cl2)2,

51 W6Br12,
52 

W6PCl17,
53 W6CCl15+x,

54 MW6Cl14 (M = Fe, Co),55 (Bu4N)2[W6CCl18]
56 and Na[W6NCl18],

57 two of 

which are also shown in Figure 2. These selected tungsten compounds have been prepared from 

a range of different reaction conditions such as solid state, solvothermal synthesis and reaction in 

ionic liquids. In the early 1990’s Cotton et. al. reported on the Na[W3(μ3--o)(μ--Cl)3Cl6(THF)3] 
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compound, as being the first eight electron triangular tungsten cluster without bridging acetate 

ligands.58 Some years later the first structurally characterized triangular perchlorotritungstate 

cluster containing exclusively Cl halide ligands, in the form of Na3[W3Cl13]  was published by 

Messerle et. al.59 The most commonly reported synthetic route to high nuclearity tungsten 

clusters is that of a reduction reaction of WCl6 or comparable tungsten halides with late-transition 

metals or post-transition metals such as; Hg, Al, Ge, Sn, Sb or Bi.  

 

 

 

 

 

(a) (b) 

Figure 2 Structure of trinuclear tungsten cluster (a) [W3Cl13]
3- and hexanuclear carbon-centered 

tungsten cluster (b) [W6CCl18]
2-.50,56,60 

When it comes to cluster formation and the chemistry of the later transition metals such as 

palladium, it has been shown that they are inclined to form π-acceptor clusters, dependent on the 

presence of π-donator ligands. The most important π-donator ligands are the arenes, which are 

capable of donating up to six electrons (cyclooctatetraene, COT, have eight electrons) for 

coordination. Other examples of π-donator or π-acid ligands are carbonyls or the chemically 

related NO, CNR and PR3.
  

The organometallic sandwich compounds, which have been studied within this work, are an 

example of transition metal clusters stabilized by π-donor ligands (in these type of compounds 

typically arenes). Sandwich compounds can be defined as; compounds in which cyclic organic ligands 

containing delocalized π systems coordinate to metal atoms.24 The development of organometallic sandwich 

compounds has been intense since the ferrocene structure (C5H5)2Fe, was revealed in 1952 by 

Fischer and Wilkinson independently.61,62 Fischer and Wilkinson were in 1973 awarded the Nobel 

Prize for their contribution to the field of organometallic chemistry. The well-known ferrocene 

structure contains a central iron metal ion sandwiched between two cyclopentadienyl units. 

The first dipalladium clusters having sandwiching arene ligands were reported by Allegra et. al. in 

1965. The compounds had the formula [Pd2X2(Bz)2] (X=AlCl4
- or Al2Cl7

-).63,64 Since then a 
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number of new bisarene compounds have been synthesized. In recent years several one- and 

two-dimensional chains and networks of polynuclear palladium compounds coordinating 

different polyaromatic hydrocarbons (PAHs) have also been reported by Kurosawa et. al. 

amongst others.65 Figure 3, shows some selected examples of polynuclear palladium sandwich 

compounds. 

 

 

 

 

 

 

 

                 (a)                                (b)                                  (c) 

Figure 3 One- and two-dimensional chains and networks of polynuclear palladium sandwich 

compounds; (a) [Pd2(Bz)2][Al2Cl7]2,
64 (b) [Pd3(C7H7)2Cl3][PPh4]

65 and (c) [Pd4(o-bpbb)2] [BArF]2
66

 

where BArF= B[3,5-(CF3)2C6H3]4 and o-bpbb=1,2-bis(4-phenyl-1,3-butadienyl)benzene. 
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1.2 Chemical Structure and Bonding Properties of Cluster Compounds 

1.2.1 Thermodynamics of Cluster Formation 

The thermodynamics governing cluster formation is, for the specific case of cationic subvalent 

naked clusters, expressed in the concept of Lewis acid-stabilization. This concept builds on the 

generally accepted definition of Lewis acids as electron pair acceptors and Lewis bases as electron pair 

donors. In chapter 1.29 by Kloo and Ulvenlund of the book ‘Naked Clusters of Post-transition 

Elements’ Lewis acid-stabilization is well described.25 The idea can be summarized and explained 

from the following chemical equation: 

 
ba

a

n MXbaMban)X()M(     (1) 

Equation 1 describes the disproportionation of a subvalent species Mn
a+ to the compound MXb 

including the normal valent metal atom, Mb+, the parent metal M and the Lewis base X-. In the 

case of X- acting as a strong Lewis base forming a strong bond to Mb+, the disproportionation of 

Mn
a+ will be thermodynamically advantageous because of the favorable enthalpy change. For the 

formation of subvalent cationic clusters and for their stability one would thus prefer the presence 

of weak Lewis bases. By involving strong Lewis acids in the reactions this can be accounted for. 

The concept can be further exemplified for the formation of the cationic pentabismuth cluster, 

Bi5
3+, Scheme 1. 

      43453

0 GaCl3Ga3GaClBi2GaCl12Bi10  

Scheme 1 The oxidation reaction of bismuth metal with Lewis acid GaCl3 and the formation of 

the Bi5
3+cluster cation. 

In this reaction the strong Lewis acid GaCl3 enables the oxidation of metallic bismuth to form 

the Bi5
3+ cluster. The cluster when formed is stabilized by the Lewis base, GaCl4

-, interacting 

weakly with the subvalent species. The reaction can be understood in much the same way as the 

reaction of gallium metal and liquid GaX3 (X=Cl, Br) described by Ulvenlund,67 Scheme 2. 

  



  1m3m62

0 XGa6Ga6XGa)1m3(Ga4  

Scheme 2 Reaction procedure for the formation of halogallate(III) ions.  
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This reaction can be separated in to a two-step process. In the first step a symproportionaton 

reaction takes place between gallium metal and GaX3 (X=Cl, Br) producing Ga+ and negative 

halide ions, in the second step the negative halide ions are transferred to the excess GaX3 (X=Cl, 

Br) generating the halogallate(III) ions. The overall reaction is driven by the highly exothermic 

formation of halogallate(III) ions.67  

Born-Haber cycles, which are a thermodynamical representation of the reaction path and stability 

of compounds concluded from enthalpy calculations, have been used to determine the stability of 

main group clusters. Bi5[GaCl4]3 have been shown to be one of the most stable homopolyatomic 

bismuth salts.68 This points to the fact that successful cluster synthesis comes not only from the 

stability of the cation formed but also from the energy gained in the formation of the anions. 

The formation of Zintl cluster anions in contrast to the formation of cationic post-transition 

metal clusters rely on strongly basic conditions. Synthesis of these species are often obtained by 

liberating cluster anions from an alloy made up of Group 14 metals; Ge, Sn or Pb and an alkaline 

metal like Na or K by extraction using basic media such as; liquid ammonia, ethylenediamine or 

dimethylformamide.  

The thermodynamic stability of ligand-supported cluster can be explained from Equation 2, 

shown below. This equation was obtained from the introductory book ‘Introduction to Cluster 

Chemistry’ by Mingos and Wales.13  

L)mpn(LMnML mnp    (2) 

This equation describes the general case of the formation of ligand supported cluster of the type 

MnLm. For the formation of a thermodynamically stable cluster the mean metal-metal bond 

enthalpy contribution (M) of the cluster has to be greater than that of the mean enthalpy 

contribution of the metal-ligand bonds (T) broken in the process of the cluster formation. This 

relation can be expressed as: xM(cluster) ≥ yT where x is the number of metal-metal bonds 

formed and y=pn-m is the number of ligands lost in the process described in Equation 2. From 

this crude analysis it thus follows that the enthalpy will be negative only when M > T. For the 

cluster formation to be successful this will mean that ligands should be of the type that have 

electronic properties to stabilize low oxidation state metal-metal units, but that do not have too 

large a metal-ligand bond enthalpy (T) contribution. The naked main group clusters on the other 

hand usually have relatively small M(cluster) enthalpies, which is compensated for by their loose 

association with their ligands, removing the competition between metal-ligand and metal-metal 

bond enthalpy contributions.  
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Cluster decomposition, as shown below, might be favorable because of kinetic factors. 

  mLnMLM mn      (3) 

Decomposition will thus only be chemically significant if the processes have appreciable rate. 

Cluster molecules with large HOMO-LUMO gaps will generally be more resilient to dissociation. 

Ligands can also influence the nuclearity and geometry of the cluster by steric effects, which can 

be estimated using the Tolman’s cone angle model, see reference 69 for more information on this 

concept.69  

1.2.2 Bonding Properties and Wade’s Rules 

The naked cationic clusters of the heavier Group 15 elements are known to be electron poor.25 

This means they have few skeleton electrons to form localized bonds. Naked cationic clusters 

also share the property of being metal rich, with an average oxidation state smaller than that 

expected from the (8-N) rule. The oxidation states of the individual metal atoms are often non-

integer. This property coupled with the low concentration of valence electrons leads to the 

extraordinary structural chemistry and bonding in these clusters.70 This can be put into 

perspective looking at the elements of Group 16 in the periodic table, which have a relatively 

large number of valence electrons to distribute over their cluster skeleton. The elements of this 

group thus form electron-rich homopolyatomic clusters. The heavier Group 14 elements have 

been shown to form electron delocalized, so called, Zintl cluster anions. These negatively charges 

clusters species are naked, as they do not have any ligands bond to their vertices. The lighter 

Group 14 elements have been shown to form electron-precise clusters. These clusters have an 

adequate number of electrons to form traditional localized (2c2e)-bonds along the edges of the 

cluster skeleton, leaving one lone pair at each apex of the cluster. The so-called polyhedranes, that 

is, polycyclic hydrocarbons such as cubane C8H8 are examples of electron precise organic clusters. 

The heavier Group 14 elements as well as the elements of Group 15 mark a boundary between 

the electron-precise and the electron-rich species of the main group.25  

The unusual structures and bonding properties of many main group clusters have made localized 

bonding models fall short in representing these systems. A satisfactory way of treating these 

clusters is to consider a delocalized approach and molecular orbital theory (MO theory).13 A set 

of empirical rules named Wade’s rules were developed by Wade, Lauher, Williams and Mingos 

(also called the Wade-Mignos-Lauher principles or the polyhedral skeletal electron pair theory ) to 

rationalize the numerous hydrides formed by boron, that is, boranes.20,71–73 These sets of rules 

have been shown to work for the prediction of some main group clusters as the structure and 
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bonding is similar to that of the borane compounds. Wade’s rules are today accepted as a standard 

way of predicting and describing the electronic distribution and structure of many main group 

clusters.74,75  

Wade’s rules can be described starting from deltahedral BnHn
2- cluster. Boranes having this general 

chemical formula are referred to as closo- (cage-like) boranes, consisting of closed polyhedras, that 

are geometric structures with flat faces and straight edges, with n corners, each corner occupied 

by a BH group, and all triangular faces. Quantum chemical calculations have shown that these 

clusters have 2n+1 bonding molecular orbitals, n+1 framework or skeletal bonding orbitals, and n 

boron-hydrogen bonding orbitals. The remaining orbital interactions lead to non-bonding or 

antibonding molecular orbitals. For closo-clusters there is generally one more framework bonding 

pair than the number of corners in the polyhedron formed. By removing one or more of the 

corner from the closo-structure additional structure types can be obtained. The nido- (nest-like) 

structures are obtained by removing one of the corners in the closo-structure. Arachno- (spider-

web-like) structures are obtained by removing two of the atoms in the closo-structure or one of 

the atoms in the nido-structure and so on. An example of three related closo-, nido-, and arachno-

structures of bismuth are shown in Figure 4. 

 

 Bi10
8+  Bi9

5+  Bi8
2+ 

    

 

 

  

closo  nido  arachno 

Figure 4 The structures of bismuth polycations: Bi10
8+, Bi9

5+, and Bi8
2+in accordance with Wades 

rule’s. The closo (n=10), nido (with n=9), and arachno (n=8) structures of are shown. By removing 

one atom (Bi3+) from the closo-structure, the nido-structure is obtained and by removing yet 

another atom (Bi3+) the arachno-structure results. 

The electron count for predicting the structure of naked post-transition metal clusters is relatively 

easy compared to the transition metals because of their lack of occupied valence d-orbitals, 

interfering ligands and interstitial atoms. When comparing metal-metal bond distances and bond 

strengths in clusters to those associated with metal-ligand bonds the metal-metal bond distances 
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in clusters generally show much more variation and are commonly observed to be weaker than 

those of metal-ligand bonds. Consequently the metal-metal bonds in clusters are often the most 

deformable bonds.13  

The early transition metal tungsten with its partly filled 5d-orbital is generally associated with 

ligands such as O2-, S2-, Cl-, Br-, I- or OR-. These π-donor ligands contribute extra electrons to the 

metal centers. Tungsten often adopts metal skeletal geometries based on metal triangles or 

octahedras.  

Arenes  belong to the class of π-donor ligands. They make up an important class of ligands in 

organometallic chemistry, for the reason that they are capable of donating up to six electrons for 

coordination. Donor-acceptor compounds of various hapacity, (η1-η6), that is, coordination, are 

known to form between arenes and transition metal centers. The donor-acceptor concept is 

based on the Lewis acid-base interactions and provides a way of assigning ‘donors’ and 

‘acceptors’, that is, electon donating and electron accepting units of the compound. The arene 

ligands formally act as ‘donors’, donating electrons to the metal center ‘acceptors’ in sandwich 

compounds, illustrated in Figure 5. The structure and bonding of sandwich compounds can thus 

be explained by the donor-acceptor concept and the 18-electron rule (in place of the 8-electron 

rule that applies to the main group elements).  

 

     σ Donor         π Acceptor 

Figure 5 σ and π interaction between double bonded carbon-carbon atoms and a single metal 

atom.  
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1.3 Routes to Metal Cluster Formation  

The progress in synthesis of post-transition metal clusters of Group 15 and some transition metal 

clusters show a trend towards synthesis using solvents that enables reactions at ambient 

temperatures (or even at room temperature). The development in cluster synthesis from Group 

15 element bismuth clearly shows this trend as solid state synthesis at elevated temperatures or 

reactions using super acids in recent years have been substituted for synthesis in readily available 

solvents such as benzene or even in the less explored ionic liquids. This section aim to highlight 

some of the main advances in the synthesis of Group 14 and 15 elements; Ge, As and Bi and 

Group 6 and 10 transition metals; W and Pd clusters made to date.  

1.3.1 Post-transition Metal Clusters of Group 14 and 15 Elements; Germanium, Arsenic 

and Bismuth 

Naked subvalent clusters from main group and p-block elements in particular have over the past 

half-century been achieved through a number of different reaction routes. Synthesis through gas-

phase experiments, molten salts, superacidic media, aromatic solvents and most recently in ionic 

liquids exemplifies the variety of reaction conditions used in synthesis. While, as the gas-phase 

experiments have revealed the existence of a number of homopolyatomic clusters, synthesis in 

molten salt solutions were the first methods communicated for synthesis of high quality 

crystalline material of subvalent naked clusters. In this method molten halide salts, some with 

relatively low melting point (GaCl3, mp 77.9 °C), are utilized as solvents. In these reaction media 

main group metal halides were reduced using their parent metal in so called symproportionation 

reactions.6 Symproportionation reactions minimize the number of components in the reaction, 

but require the molten halides to be sufficiently Lewis-acidic for reaction to occur. The addition 

of a Lewis acid will increase the solubility of bismuth metal and its corresponding Lewis acid, 

BiCl3, and will act as a potent halide acceptor blocking the disproportionation of the cluster 

compound. A number of post-transition metal clusters have been isolated through 

symproportionation reactions, some of which are show in Figure 6 on the next page. By omitting 

BiCl3 from the symproportionation reaction, the oxidation of metallic bismuth with GaCl3 has 

been shown to occur.67,68 In this reaction GaCl3 is used as an oxidizing agent. By 71Ga NMR-

spectroscopy it has been shown that GaCl3 is reduced to Ga+ by bismuth metal.67 
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(a)                 (b)                        (c)                     (d) 

Figure 6 Selected polycations; (a) Bi5
3+, (b) Bi6

2+, (c) Bi8
2+, and (d) Bi9

5+.5,27,29 

Synthesis in superacidic media is another method used for the formation of naked subvalent 

clusters. A superacid is an acid with an acidity greater than that of anhydrous sulphuric acid.76 Oleum, 

which corresponds to various compositions of SO3 in H2SO4 and ‘magic acid’ which is an 

extremely acidic combination of HSO3F and SbF5, are examples of superacids used in synthesis. 

Superacids work as both oxidizing agents and as the source of the necessary weak Lewis base, in 

the reactions. The superacid reaction route to naked subvalent clusters was originally developed 

and used for chalcogen and halogen clusters by Gillespie, Passmore, and co-workers in the 

1970’s.77 In reaction Scheme 3, the reaction of bismuth metal with pentaflourides of arsenic, AsF5, 

in SO2 is shown.78  

    32365

SO

5

0 AsF3SO2AsFBi2AsF9Bi10 2   

Scheme 3 Oxidation of bismuth metal by arsenic(V) pentaflouride and in sulfur dioxide.78  

Ulvenlund reported in the mid 1990’s on the potential use of Lewis acidic metal halides dissolved 

in benzene as an alternative reaction media for the synthesis of subvalent naked cluster of 

antimony and bismuth, amongst other main group elements.67 Some of the benefits put forward 

for using benzene were that it is an conventional, cheap and easily handled reaction media. The 

recovery of solid material was also suggested to be facilitated in benzene since extraction with 

alkenes could be used. The key factors of Lewis-acid stabilization are maintained through the 

outstanding solubility of GaCl3 in benzene (> 50 mol%). The work on synthesis of subvalent 

clusters in Lewis acid-arene media was continued by Lindsjö.68 Lindsjö introduced the successful 

reduction of Group 15 metal halides in Lewis acid-arene media using gallium metal. The 

reduction of BiCl3 by gallium metal in GaCl3-benzene media is shown in Scheme 4. This 
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reduction route has also been employed in the synthesis of the first structurally determined 

antimony cluster, Sb8
2+.43  

  
3345

0

3 GaCl]GaCl[BiGa4BiCl5    

Scheme 4 Reduction of BiCl3 with gallium metal in Ga/GaCl3-benzene solution. 

The high solubility of metal halides in ionic liquids and the pseudo melt character of these 

mixtures have promoted their use as reaction media in material synthesis and cluster preparation 

in specific. A number of polyatomic clusters such as; Te4
2+, Te6

2+, Te8
2+, Bi5

3+, and Bi9
5+ have been 

prepared in ionic liquids. These results have mainly been obtained by Ruck et. al. in ionic liquids 

based on imidazolium salts like; 1-n-butyl-3-methylimidazolium chloride.79 The imidazolium 

based ionic liquids used in many synthesis have been mixed with the Lewis acid AlCl3, making 

Lewis acidic chloroaluminate ionic liquids. The use of ionic liquids as reaction media has been 

shown to support low temperature, one-pot synthesis, which eliminates the risk of product 

decomposition through high-temperature procedures. 

When it comes to the formation of Zintl clusters, Zintl along with Peck, Smyth, and Kraus 

recognized the formation of highly charged homopolyatomic anionic clusters from reactions of 

some of the heavier Group 14 and 15 elements with alkali metals in liquid ammonia. Clusters 

such as lead and tin polyanions; Pb9
4- and Sn9

4- where amongst the first structurally characterized. 

A change of solvent from liquid ammonia to ethylenediamine for the dissolution of binary phases 

A4E9 and A3Pn7 (A=alkali metal, E=Group 14 metal, Pn=Group 15 (pnicogen) has since been 

shown to be advantageous for the Zintl cluster synthesis.80 The use of dimethylformamide and 

metal-ion-sequencing agents such as cryptands or crown-ethers in Zintl ion synthesis has further 

enabled the preparation of many germanium ions.46  
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1.3.2 Transition Metal Clusters of Group 6 and 10 Elements; Tungsten and Palladium 

Much of the preparative chemistry with regards to metal halide clusters of Group 6 elements, 

tungsten, is focused on high-temperature solid state reduction reactions. In the reactions metal 

halides are reduced by an electropositive metal. Scheme 5 exemplifies the reduction of WCl6 with 

elemental bismuth. This reaction, which is normally run at 335 ⁰C, resulted in the Bi[W6Cl15].
54 A 

wide variety of electropositive metals such as bismuth, antimony, aluminum, iron, and mercury 

have been explored as reduction agents in tungsten cluster synthesis by Messerle and Meyer 

amongst others.52 Reactions including azides (CCl4 or NaN3) at various temperatures have also 

produced a range of different carbon and nitrogen centered clusters, such a as; W6CCl15, W6CCl16, 

W6CCl18 and the [W6NCl18]
n- and [W6CCl18]

n- (n=1, 2, 3).57,56 

  
3156

C3350

6 BiCl7]ClW[BiBi8WCl5     

Scheme 5 Reduction of WCl6 using elementary bismuth. 

Solid state reactions at temperatures around 350-450 ⁰C have proved successful for synthesis of a 

wide variety of tungsten clusters. However, reaction results at these temperatures have also 

shown that unreacted reducing metal agents might participate in the formation of ternary halides 

such as; [BiCl][(W6Cl8)Cl6], [BiCl2][(W6Cl8)Cl4Cl and W3Cl10[Hg2Cl2]2.
51 Recent results on the use 

of ionic liquid as reaction media for the room temperature synthesis of molybdenum and 

tungsten halide clusters have been published by Ruck et. al. Bi[Mo5Cl13]Cl, [BiCl][Mo6Cl14] and 

Sn[SnCl][W3Cl13] respectiviely.50,81 The reactions occur under similar conditions, expet that in 

ionic liquids they occur at room temperature. These results indicate that the use of mild reaction 

conditions in ionic liquids can produce solid phases of transition metals that have not been 

accessed via high-temperature reaction routes. 

The synthesis of ligand supported transition metal compounds of the sandwich type has 

historically been Lewis acid-base reactions. The compounds isolated mononuclear sandwiches of 

the M(Cp)2 type. In reaction Scheme 6, the synthesis of ferrocene from cyclopentadienyl 

magnesium bromide, prepared by reacting cyclopendadiene with magnesium and bromoethane in 

benzene, and iron chloride, is shown.19  

 

 

 



15 
 

  222255 MgBrMgCl)Cp(FeFeClMgBrHC2    

Scheme 6 The formation of ferrocene from iron chloride and cyclopentadienyl magnesium 

bromide. 

Allegra and co-workers used the reaction of PdCl2 with Al0 and AlCl3 in benzene to produce the 

first reported dipalladium sandwiches, of the type [Pd2X2(Bz)2] (X=AlCl4
- or Al2Cl4

-).63,64 In these 

Lewis acid-base reactions the reduction of the palladium metal center of palladium(II) chloride 

was proposed to be induced by aluminum metal in the AlCl3-benzene media. In our work GaCl3 

and no metallic gallium is used in the reactions. The reason is that the reduction of palladium has 

been shown to occur in the absence of gallium metal, suggesting the GaX3-arene (X=Cl, Br) 

reaction media to be a forceful reduction media. The high solubility of GaCl3 in arenes, more 

than 50 mol% in benzene, and the ability of GaX3 (X=Cl, Br) to act as halide acceptors, make 

these media effective tools for the preparation of subvalent cluster of palladium and other 

transition metals such as platinum.82–84 The reaction in Scheme 7 describes the preparation of the 

dipalladium sandwich [Pd2(Bz)2(GaCl4)2]. In our group, a number of dipalldium compounds with 

sandwiching hydrocarbons have been prepared.82–85   

   Cl2])GaCl()Bz(Pd[GaCl2PdCl2 2422

Bz

32
 

Scheme 7 The reduction reaction of palldium(II) chloride with Lewis acidic GaCl3-benzene 

solution producing the [Pd2(Bz)2(GaCl4)2] binuclear palladium sandwich compound. 

A prominent synthetic way to polynuclear sandwich compounds of palladium is that reported by 

Kurosawa et. al. in which reaction of the homoleptic acetonitrile palladium(I) compound 

[Pd2(CH3CN)6][BF6]2 with various polyaromatic hydrocarbons and tris-dibenzylideneacetone 

palladium(0), Pd2(dba)3 in acetonitrile, are used.65,66 The [Pd2(CH3CN)6][BF6]2 compound has been 

shown to be a very potent ‘seed reagent’ for the synthesis of polynuclear palladium sandwich 

compounds, as the acetonitrile ligands are labile and thus easily substituted. 
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1.4 Ionic liquids 

As ionic liquids represent a relatively new and unconventional class of solvents the following 

section deals with these media in more detail.  

Salts with a melting point below 100 °C are generally considered to be ionic liquids.86,87 There are 

today a wide variety of ionic liquids commercially available. The interest in these media is due to 

their potential use as alternative solvents in various types of synthesis. Ionic liquids have been 

argued to be more environmentally friendly than many today widely used volatile solvents.88 

However, with growing knowledge about these media the potential toxic and environmental 

effects have also been discussed in recent years.89,90 

The ethylammonium nitrate, [EtNH3][NO3], with a melting point of 12 °C, is considered the very 

first example of an ionic liquid. Its discovery was communicated by Walden et. al. in 1914.91 

There was nearly no activity in the field of ionic liquids for almost half a decade or so after this 

discovery. Today ionic liquids are applied in a number of areas such as cellulose processing and 

solar energy applications, organic synthesis and also in the preparation of liquid catalysts.92 The 

use of ionic liquids in synthesis of inorganic materials is also a field under rapid advancment.93 

Purely ionic compounds, that is, salts composed of cations and anions held together by strong 

electrostatic attraction. The higher the charge of the cations and anions and the closer together 

the charges are packed the stronger the electrostatic attraction will be. The strength of the 

electrostatic interaction is determining for the melting point of the salt.86 In order to obtain low 

melting point salts, that is, ionic liquids, the cations are commonly chosen to be large and bulky 

with low symmetry and a poorly localized positive charge. These properties of the cations weaken 

the electrostatic interactions in the salts by increasing the distance between cations and anions, 

causing packing misfits in the structure of the salt. This leads to a lowering of the melting point 

of the salt. Figure 7, 8 and 9 show some commonly used cations and anions in ionic liquids. 

 

 

 

(a) (b) (c) (d) (e) (f) 

Figure 7 Common cations in ionic liquids (a) imidazolium, (b) pyridinium, (c)pyrrolidinium, (d) 

phosphonium, (e) ammonium and(f) sulfonium. R usually represent alkyl groups. 
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Different anions can be used in combination with the different cations to obtain low melting 

liquids. There is however, no one universal anion that in any cation combination will produce an 

ionic liquid. The substituents (R) alkyl chain length can also be manipulated and will affect the 

melting point of the salts.  

     

 

(a)   (b) (c) (d) 

Figure 8 Common inorganic anions used in ionic liquids; (a) bis(trifluoro-methylsulfonyl) imide, 

(b) hexafluorophosphate, (c) tetrafluoroborate, (d) halides. 

 

 

    

(a)               (b)              (c) 

Figure 9 Common organic anions used in ionic liquids; (a) alkylsulfate, (b) tosylate, (c) 

methanesulfonate. 

The variability and choice of cation and anion pairs make ionic liquids versatile and possible to 

‘tailor’, providing solvents with specific chemical and physical properties. Some of the 

characteristic properties of ionic liquids are; low or negligible vapor pressure, electrical 

conductivity, thermal stability and a non-flammable nature. The negligible vapor pressure of ionic 

liquids means they will not evaporate in to the environment like volatile organic solvents do.  

Ionic liquids are polar, comparable to lower alcohols, but unlike alcohols they are non-

coordinating or weakly coordinating. The miscibility of ionic liquids with polar organic solvents, 

such as dichloromethane is good, whereas mixing with solvents of low polarity is only partial. 

Non-polar solvents are immiscible in ionic liquids. The acid/base characters of ionic liquids e.g. 

the acidic proton between the two nitrogens in imidazolium based ionic liquids, also effects the 

solvent properties. Acidic ionic liquids are for example suggested to promote hydrogen bonding. 

Many ionic liquids are highly viscous and might in the mixing with reactants either exhibit a 

decrease or increase in viscosity. The high viscosity and negligible vapor pressure of many of 

these solvents also makes traditional crystallization methods fall short. Table 1 lists the viscosity 
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of some common solvents and the ionic liquid trihexyl-tetradecyl phosphonium chloride, [Th-

Td-P+][Cl-].  

Table 1 Viscosity (at 20 °C unless indicated) and melting points of some conventional solvents 

and ionic liquid [Th-Td-P+][Cl-].94 

Solvent Viscosity [mPa∙s] Melting point (Mp) [°C] 

n-Heptane 0.39 (25 °C) -90.6 

Benzne 0.65 5.5 

Toluene 0.59 -93 

Mesitylene 0.69 -44.8 

Water 1.00 0 

[Th-Td-P+][Cl-] 2078 (-2 °C) -3.2 

 

The preparations of many ionic liquids are often relatively simple. The synthesis can generally be 

split in to two steps; the formation of the desired cation and the ion exchange, changing anion to 

generate the desired ionic liquid. Scheme 8 illustrates the synthesis of ionic liquid 1-dodecyl-3-

methylimidazolium chloride, [Dod-Me-Im+][Cl-] used within this work.95 
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Scheme 8 Reaction of dodecylchloride with methyl imidazolium tetrahyrofuran for the 

preparation of ionic liquid, 1-dodecyl-3-methylimidazolium chloride, [Dod-Me-Im+][Cl-]. 

The lack of vapor pressure prevents purification of ionic liquids through distillation. On the 

other hand volatile impurities can readily be separated. Many ionic liquids are hydroscopic and 

thus need to be handled under inert atmosphere 
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1.5 Aim and Scope of Thesis 

The aim of this thesis has been to prepare subvalent cluster compounds and to explore the 

potential use of alternative reaction media in synthesis, either by using molecular solvents or ionic 

liquids, in reactions traditionally performed at elevated temperatures or in super acidic media. In 

this work p-block elements arsenic and bismuth have been the main focus. Results on synthesis 

of homopolyatomic bismuth cluster; Bi5
3+, in dichloromethane as well as in different classes of 

ionic liquids along with spectroscopic evidence of homopolyatomic arsenic clusters in toluene 

solution are presented (paper I, IV and V). The general interest in cluster compounds can be 

understood in terms of exploring the boundaries between molecular and bulk solids, as clusters 

are intermediates between these states. When it comes to clusters from Group 15 elements the 

changes in properties when crossing from molecular semiconducting to metallic behavior is an 

example of a property change of interest.  

Included are also results on the use of Ga/GaX3-arene media (X=Cl, Br), shown to be a 

powerful media capable of reducing metal centers and acting as halide acceptors, for synthesis of 

transition metal clusters. Reduction of transition metal palladium was targeted in this work and 

preparation of new palladium sandwich compound the main goal (paper II). Palladium play a 

central role in the field of catalysts. The interest in mono- or poly-nuclear organometallic 

sandwich compounds can be attributed to the combination of high selectivity and reactivity of 

their metal surfaces, and therefore their chemical and catalytic behavior is expected to be 

somewhat different.  

The use of organic co-solvent in ionic liquid reactions and in crystallization from ionic 

liquidmedia is presented in the context of synthesis of the tungsten chloride; W3Cl10 (paper VI). 

The rich cluster chemistry of tungsten as well as the recent report on the Sn[SnCl][W3Cl13] from 

ionic liquid reaction media triggered the work on tungsten cluster synthesis.50 Tungsten clusters 

can exhibit interesting properties, for instance the tri-tungsten cluster Na[W3(μ-O)2(CH3COO)9] 

has been shown to be applicable for bioimaging.96 

The synthesis and characterization of Zintl cluster Ge9
2- in the form of the [K+(2,2,2-crypt)]2Ge9

2– 

salt is also discussed within this thesis. This work resulted in a structural investigation of a fully 

ordered Ge9
2-cluster clarify some of the confusion and misconceptions regarding previous reports 

on a Ge10
2- cluster (paper III).   

Precipitation and crystallization techniques for all systems studied in both the molecular solvents 

and ionic liquids are also discussed in the thesis. 
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2. Synthesis and Crystallization 

2.1   Synthesis 

The synthetic work of this thesis has been focused synthesis of subvalent clusters and the use of 

alternative reaction media for ambient reactions conditions. The air and moisture sensitive nature 

of many of the reactants used and products formed in synthesis, required all reactions to be 

performed under deoxygenated inert atmosphere in a glove box environment. A MBraun 150B-

G glove box, equipped with a Lecia microscope was mainly used. The reaction vessels used for 

synthesis were oven dried small glass vials and standard NMR tubes. The starting materials and 

solvents used in all synthesis were purchased from well renowned suppliers and dried prior to 

use.  

2.1.1 Reactions in Organic Solvents 

Following the work on subvalent post-transition metal clusters done by Ulvenlund and Lindsjö in 

Ga0/GaX3-benzene media (X=Cl, Br), three main reaction routes came into view for synthesis; 

oxidation, symproportionation and reduction.67,68 Scheme 9-11 show the stoichiometry used in 

Ga0/GaX3-arene (X=Cl, Br) reaction media for these reaction routes, exemplified for bismuth. 

In the oxidative reaction route metallic bismuth is oxidized as a result of a symproportionation 

reaction of GaCl3 forming Ga+ and Cl-. The Ga+ ion acts as the oxidation agent oxidizing Bi0. 

    43453

0 GaCl3Ga3GaClBi2GaCl12Bi10  

Scheme 9 Stoichiometry used for the oxidation reaction route. 

In the symproportionation reaction bismuth metal undergoes an oxidation while BiCl3 is reduced. 

The GaCl3 Lewis acid acts as a halide acceptor and thermodynamic driving force in the reaction. 

The symproportionation route, which has been the most successful route in molten salt media, 

was not found as successful in either of the organic solvents or ionic liquids used in this work.  

  
34533

0 )GaCl(BiGaCl3BiClBi4   

Scheme 10 Stoichiometry used for the symproportionation reactions. 

BiCl3 is reduced by gallium metal in a reduction reaction. The role of the GaCl3 in this reaction is 

merely as halide acceptor forming chlorogallates such as GaCl4
-. The reductive route, Scheme 11, 

was observed to be the most successful in this work, most likely as a result of the high solubility 

of the metal halide salts in the reaction media used. 
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3345

0

3 GaCl]GaCl[BiGa4BiCl5   

Scheme 11 Stoichiometry used for the reduction reactions. 

Reactions in accordance to those exemplified for bismuth were also undertaken using the lighter 

Group 15 elements; antimony and arsenic. In addition to GaCl3 other Lewis acids such as AlCl3, 

GaBr3, and AlBr3 were also used. 

The outstanding solubility of metal halide salts in arene media own to the reactive power of these 

highly Lewis acidic systems. In this work dichloromethane as well as toluene were purposed as 

alternative solvents to the proven carcinogen benzene, previously used by Ulvenlund and Lindsjö 

in synthesis of subvalent bismuth polycations.67,68 The high solubility of GaCl3 in 

dichloromethane make a highly Lewis acidic GaCl3-dichloromethene solution. The reaction 

resulting in the isolation of the Bi5[GaCl4]3 salt, containing the triagonal bipyramidal 

pentabismuth polycation, Bi5
3+, was performed in a two-step reaction in dichloromethane. In the 

first-step; Ga0 and GaCl3 was reacted at 79-85 °C to form a crystalline adduct that was washed 

with DCM. In the second-step the adduct was introduced to BiCl3 in DCM and within weeks a 

red/orange powder was formed, paper I.  

In the solution study of arsenic clusters of paper V the oxidative route using a 5:6 ratio of As 

metal to metal halides; AlCl3 or GaCl3 was applied, as well as the reductive route where a 5:4:12 

ratio of AsCl3 to Al0/AlCl3 or Ga0/GaCl3 was used. Toluene was primarily used as reaction media 

in these reactions. However, in ionic liquid [Th-Td-P+][Cl-] were also explored as a reaction 

media for these reaction routes. Attempts to use dichloromethane were also made, but this 

solvent did not improve the synthetic results and proved too volatile to be practical in the liquid 

cells used in the EXAFS analysis.  

It has been suggested that the reductive power of the GaX3-arene mixture (X=Cl, Br) comes 

from the chlorination, that is, the oxidation of the arene. The reductive power of these media was 

used to reduce palladium metal centers. The work done within this thesis on palladium is an 

extension of the work done by Allegra et. al. in the 1960’s on synthesis of palladium sandwich 

compounds [Pd2X2(Bz)2] (X=AlCl4
- or Al2Cl7

-).63,64 In the reactions performed, PdCl2 was 

dissolved in arenes; benzene, toluene, chlorobenzene and mesitylene, and reduced with GaCl3. 

Reaction Scheme 12 shows the rout to palladium sandwich compounds; Pd2(Ga2Cl7)(C7H8)2], 

[Pd2(GaCl4)(C9H12)2]∙C9H12 and [Pd2(Ga2Cl7)(C6H5Cl)2] of paper II.  
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arene

32 ]GaClarenePd[GaCl2PdCl2     

Scheme 12 Stoichiometry used for the reduction of PdCl2 to form palladium sandwish 

compounds. 

Reaction attempts to extend the dipalladium unit with the aim of growing chain and sheet like 

sandwich structures were also investigated. These attempts were mainly focused on ligand 

exchange reactions aimed at finding more reactive precursors for continued reactions. 

Coordination of different polyaromatic hydrocarbons (PAHs) such as; naphthalene, anthracene 

and biphenyl, were also attempted. 

For the synthesis of the [K+(2,2,2-crypt)]2Ge9
2- salt containing the deltahedral Ge9

2- Zintl ion a 

synthetic approach to be considered standard for synthesis of Zintl clusters was applied. A K4Ge9 

precursor was synthesized in a solid state reaction from a stoichiometric mixture of elemental 

potassium and germanium. The two elements were reacted at 850 °C for 2 hours in a sealed 

niobium-metal tube.97 Ethylenediamine dried over Na0/K0 was used to dissolve the precursor 

alloy and the 2,2,2-cryptand sequencing agent was introduced in stoichiometric amount to obtain 

the [K+(2,2,2-crypt)]2Ge9
2-compound of paper III.   

2.1.2 Reactions in Ionic Liquids 

Much of the work on polycations and cluster compounds in ionic liquids have been done in 

imidazolium based ionic liquids.79 In the work performed within this thesis ionic liquids form 

three main classes; phosphonium-, imidazolium- and pyrrolidinum-based have been used, Table 

2. The ionic liquids were tailored primarily by making them Lewis acidic by the addition of Lewis 

acids of varying strength. The choice of ionic liquids was primarily made based on their thermal 

stability, documented inertness and simplicity of synthesis or commercial availability and price. 

 

Table 2 Ionic liquids used in synthesis. 

Ionic Liquids  
trihexyl-tetradecyl phosphonium chloride [Th-Td-P+][Cl-] 
trihexyl-tetradecyl phosphonium tetrachloroaluminate [Th-Td-P+][Cl-]/AlCl3 
trihexyl-tetradecyl phosphonium tetrafluoroborate [Th-Td-P+][BF4

-] 
trihexyl-tetradecyl phosphonium hexafluoro-phosphate [Th-Td-P+][PF6

-] 
trihexyl-tetradecyl phosphonium bis(trifluoro-methyl sulfonyl) imide [Th-Td-P+][(Tf)2N-] 
n-butyl-n-metypyrrolidinium chloride  [Bu-Me-Pyrr+][Cl-] 
1-dodecyl -3-methylimidazolium chloride [Dod-Me-Im+][Cl-] 
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The oxidation, reduction and symproportionation reaction routes described in Scheme 9-11 were 

all attempted in ionic liquid reaction media for the bismuth and arsenic systems studied. The 

oxidation reaction was performed via first mixing GaCl3 in ionic liquid and then adding the 

bismuth metal. Reactions were either left at room temperature or heated up to 100 °C. The 

symproportionation reaction was carried out in a similar manner. Bismuth metal and BiX3 (X=Cl, 

Br) was mixed in ionic liquid after which the reactant solution was added to GaX3- ionic liquid 

solution (X=Cl, Br).  In the reduction reaction gallium metal was activated by heating (at 

approximately 50 °C) in ionic liquid prior to the addition of GaX3 and BiX3, (X=Cl, Br). The 

ionic liquid reaction media was removed from the product by extraction with solvents such as 

benzene, toluene and n-heptane. The reduction reaction of BiCl3 using elemental gallium metal, in 

Scheme 13, proved most successful for the synthesis of the pentabismuth salt, Bi5[GaCl4]3, paper 

IV. 

  
3345

IL0

3 GaCl]GaCl[BiGa4BiCl5    

Scheme 13 Stoichiometry of reduction reaction performed in ionic liquids; [Th-Td-P+][Cl-], [Th-

Td-P+][BF4
-], [Th-Td-P+][PF6

-], [Th-Td-P+][(Tf)2N-], [Bu-Me-Pyrr+][Cl-] and [Dod-Me-Im+][Cl-]. 

Co-solvent synthesis and crystallization in ionic liquids were also attempted. The stoichiometric 

reduction reaction WCl6 using elemental bismuth in [Th-Td-P+][Cl-]/AlCl3 ionic liquid as well as 

in a 5:1 toluene/[Th-Td-P+][Cl-]/AlCl3 solution in according to reaction Scheme 14, resulted in 

the isolation of tungsten chloride W3Cl10(CH3CN)3 of paper VI. The preparation of the ionic 

liquid reaction media was done in two steps. [Th-Td-P+][Cl-], in a 1:1.3 mixture with AlCl3 was first 

stirred under vacuum after which toluene was added.  

2103

RT/IL0

6 BiCl8ClW2Bi8WCl6    

Scheme 14 Stoichiometric reaction used for the synthesis of the tungsten chloride, W3Cl10. 
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2.2 Cluster Stabilization and Crystallization 

Single crystals and solid crystalline material are of great importance for the determination and 

characterization of new structures. The technique of single crystal X-ray diffraction can be 

considered of superior importance for exhaustive structure determination. This technique 

requires good quality single crystals, which are often hard to obtain from the systems studied 

within this thesis, as structural phenomena such as partial amorphicity and twinning often are 

encountered. These problems can partly be compensated for by the use of low-temperature 

routes for synthesis. Nevertheless challenging issues of cluster stability and solubility might still 

have to be overcome for crystallization. In this work a great deal of effort has been put into 

finding working crystallization techniques for successful growth of single crystal. The 

crystallization techniques used within this work are described in this section. 

2.2.1 Cluster Stabilization 

The importance of Lewis acidic conditions for the formation and stabilization of polycationic 

clusters were discussed in the introductory chapter. The high solubility of Lewis acids such as; 

AlX3 or GaX3 (X = F, Cl, Br) in arenes such as benzene and toluene and in many ionic liquids 

make highly Lewis acidic conditions. The high solubility of metal halogenides is thought to be 

highly influential to the activity of cluster species in solution and is in this work believed to be a 

contributing factor to the general crystallization problems encountered. The chemical 

environment along with the temperature and pressure are factors that are directly detrimental for 

the activity (solubility) of the solute species in solution. Thus care has to be taken to the choice of 

solvent (chemical environment). Preferably a solvent in which the solute is not too soluble should 

be chosen, as otherwise powders or crystals of small size might form. Solvents in which the 

solute forms supersaturated solutions should also be avoided. Differences in solvent behavior are 

to be expected from conventional molecular solvents and ionic liquids. For instance the high 

viscosity of many ionic liquids effects the kinetics of both reactions and crystallizations carried 

out in these media. High viscosity might work in favor for crystal growth, permitting slow 

crystallization, but might also make the process far too slow. The low surface tension of many 

ionic liquids have in synthesis of nanoparticles been shown to lead to high nucleation rates and 

consequently the formation of small particles,98 causing the formation of powders or small 

crystals. Yet another solvent property influential to the process of crystallization in ionic liquids is 

hydrogen bonding.  

The approach of using volatile organic co-solvents in ionic liquid media, increasing reactivity, 

crystallization rate and possibly decreasing cluster activity in solution was taken on in this work. 
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This strategy was carried out by choosing; ionic liquid composition (cation/anion pair) and co-

solvents in ways to avoid cluster decomposition. The crystallization methods used within this 

thesis are described in the following section.  

2.2.2 Single Crystal Growth 

Figure 11, illustrates the principles of some conventional crystallization techniques, all of which 

were attempted within this work. Perhaps the simplest crystallization method is that of slow 

solvent evaporation, Figure 10(a). This method was successfully used for the growth of single 

crystals of the three palladium sandwich compounds of paper II; [Pd2(Ga2Cl7)(C7H8)2], 

[Pd2(GaCl4)(C9H12)2]∙C9H12 and [Pd2(Ga2Cl7)(C6H5Cl)2]. The filtered reaction solutions of these 

compounds were left wrapped in aluminum foil, to avoid light induced reduction to palladium 

metal, after which deeply colored crystals were isolated. This crystallization procedure induces 

precipitation by the slow increase in concentration of solute by the slow evaporation of solvent. 

This crystallization method did however, not work for reaction solutions containing PAHs such 

as; biphenyl, naphthalene or anthracene, described in the results. Oily solutions resulted from 

these reactions, most likely as a result of supersaturation. 

 

 

 

 

(a)                     (b)         (c)         (d)                   (e) 

Figure 10 Conventional crystallization methods; (a) slow evaporation, (b) slow cooling, (c) 

solvent diffusion (free interface diffusion), (d) reactant diffusion and (e) vapor diffusion.  

The crystallization technique of slow cooling, Figure 10 (b), was in this work applied to the 

palladium system as well as the bismuth, arsenic and tungsten systems. In order to decrease the 

cooling gradient reaction vials were wrapped in insulating material and placed in a freezer (-20 

°C). A cooling plate with a minimum temperature of -4 °C was also used for controlled 

temperature decrease. Both cooling methods proved unsuccessful in all systems studied and 

resulted in nothing but viscous solutions.   

The method described by Lindsjö of a stepwise extraction of excess GaX3, (X=Br, Cl) from 

benzene reaction mixtures using step-wise stratification of solvents n-hexane and mesitylene on 
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top of the reaction solution was applied in this work.29,43 Slow solvent diffusion build on the 

principle of careful stratification of a solvent slightly miscible with the reaction solvent and in 

which the solute is less soluble, Figure 10(c). In the case of the arsenic system the method of 

step-wise stratifications merely resulted in dilution. The same principles as that for slow solvent 

diffusion applies to the reactant diffusion and vapor diffusion techniques with the only difference 

that in reactant diffusion reactants are dissolved in the two layered phases and allowed to slowly 

diffuse together and react, Figure 10(d) on the previous page. In vapor diffusion a more volatile 

solvent is contained outside the reaction vial and allowed to slowly, diffuse in to the reaction 

solution, Figure 10(e) on the previous page. The purpose of using the technique of reactant 

diffusion is to slow down reaction rates as the reactions will only take place at the interface 

between the two solvent-reactant mixtures. Isolation of single crystals from the arsenic system 

proved problematic and only amorphous solid precipitates along with deeply colored solutions 

were acquired (paper V). Sublimation, Figure 11, of the brown amorphous powder precipitate 

was attempted without success. Annealing crystallization was also attempted for all systems 

studied within this work. Reactions were generally heated to 100 °C and slowly cooled at a rate of 

2 °C/h then reheated to the initial temperature and cooled again. This procedure did not result in 

single crystals. 

 

 

 

 

Figure 11 Sublimation purification of powder sample by heating under vacuum volatilizing the 

solids and condensing the product on a cold surface (cold finger). 

In growing the single crystals used for the X-ray characterization of [K+(2,2,2-crypt)]2Ge9
2- (paper  

III), the filtered red-brownish reaction solution was layered with 0.5-1 ml of toluene and 

wrapped in aluminum foil, in accordance with the method of slow solvent diffusion or interface 

diffusion Figure 10(c). Red-brownish block like crystals of high quality were in this way formed 

on the walls of the reaction vessel. This crystallization method gave high quality single crystals 

allowing for an exhaustive structure determination. For the isolation and crystallization of the 

Ge9
2- cluster anion the addition of 2,2,2-cryptands plays a central role, as cryptands or crown 
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ethers are key in capturing the cation and providing bulky counter cations stabilizing the cluster 

anions.  

In the case of single crystal growth in ionic liquids conventional crystallization techniques that 

depend on the volatility of the solvent for example different evaporation techniques, does not 

apply since ionic liquids have essentially negligible vapor pressure. The large window of thermal 

stability of ionic liquids does however, offer a large span of temperatures at which reactions or 

crystallizations can be conducted. The possibility of choosing the ionic liquid composition and 

tailoring the cation and anion pair of the ‘solvent’ to fit the solute is also unique to this media and 

often put forward as one of its main advantages.  

For the crystallization of transition metal and post-transition metal clusters in ionic liquids Ruck 

et. al. have been particularly successful in using a method of salting out, adding a simple alkali 

halide salt or excess AlCl3 to a ionic liquid reaction solution and growing crystals within days in 

relatively high yield.79 The technique of salting out is known to be used for protein separation and 

crystallization, as proteins are less soluble at high salt concentrations.99 The approach taken to 

this procedure within this work is that of; slowly adding a simple alkali salt such as anhydrous 

NaCl to the reaction solution or stratifying a saturated alkali salt solution on top of the ionic 

liquid reaction solution. Figure 12, schematically depicts the salting out crystallization method 

attempted in the ionic liquid systems surveyed in this work.  

 

 

 

 

Figure 12 Schematic description of the salting out procedure, as performed in this work. 

The method of salting out was applied to the bismuth systems of paper IV as well as analogue 

reactions using arsenic. However, the low solubility of simple alkali salts like NaCl in the systems 

explored resulted in failure to grow crystals using this method. The approach of counter ion 

exchange, as stabilization and precipitation problems with charged species might be overcome by 

performing counter ion exchange reactions, that is, metathesis reaction. Via counter ion exchange 

crystal lattice packing might be improved and hence crystallization and crystal quality can be 

improved. Per definition naked clusters have weak counter ion interaction, which is the reason as 

to why weakly coordinating anions such as BF4
- and PF6

- were primarily considered for counter 

 

 

 

 

 

 



29 
 

ion exchange. Ionic liquids composed of these anions such as; [Th-Td-P+][BF4
-] and [Th-Td-

P+][PF6
-], were also attempted as reaction media in synthesis.  

A co-solvent approach to crystallization in which a typically a volatile polar organic co-solvent, 

inert towards the reaction product, is added to an ionic liquid proved effective for the 

crystallization of tungsten chloride, W3Cl10, of paper VI. The reduction solution resulting from 

the reaction of WCl6 with elemental bismuth in a 5:1 mixture of ionic liquid [Th-Td-P+] [AlCl4
-] 

and toluene, was layered by acetonitrile, and small black needle shaped crystals were formed. In 

order to further facilitate crystallization and to increase the yield, attempts to in this way 

precipitate the charged [W3Cl13]
- specie as a salt similar to the Sn[SnCl][W3Cl13] reported by Ruck 

et. al.50 were attempted. Within this work these attempts failed to give good quality single crystals. 
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3. Experimental Techniques and Computational Methods  

3.1 Experimental Techniques 

For the characterization of cluster structures some experimental techniques are of major 

importance. Single-crystal X-ray diffraction (SXRD) and powder X-ray diffraction (PXRD) are 

amongst these techniques. From diffraction methods much information on the nature of a crystal 

structure can be retained. As crystallization proved challenging in some of the systems explored 

within this thesis, spectroscopic techniques such as X-ray absorption spectroscopy, Raman and 

Uv/vis-spectroscopy were also applied. One of the main advantages of these spectroscopic 

techniques is that they allow for clusters to be studied in any phase; gas, liquid and solid. The air 

and moisture sensitive nature of the product formed within this work were also a determining 

factor to which analytical techniques proved practical.  

In order to gain insight of the bonding scheme of some of the clusters synthesized, simple but 

adequate quantum chemical calculations were performed. The basic levels of the computations 

were Hartree-Fock (HF) and Density Function Theory (DFT). 

  

3.1.1 Single Crystal X-ray Diffraction100,101 

Characterization by X-ray diffraction (XRD) in general and single crystal X-ray diffraction 

(SXRD) in specific builds on the principle of diffraction of an incident X-ray beam by a 

crystalline solid. The incident X-ray beam of a wavelength close to that of the shortest 

interatomic bonds, in organic and inorganic materials (0.5-2.5 Å), produces constructive 

interference and a diffracted ray when conditions satisfy Bragg's Law (nλ=2d sinθ).100 This law 

relates the wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing 

in a crystalline sample. A three-dimensional diffraction pattern unique for the atomic 

arrangement in the sample can be detected in reciprocal space, by changing the orientation of the 

centered crystal and detecting all possible diffraction direction of the lattice. The three-

dimensional distribution of atoms in reciprocal space can then be transformed to direct space, as 

these are related to one another as a forward and reverse Fourier transformation. 

The single crystal characterization done within this work was made on a Bruker-Nonius 

KappaCCD diffractometer (paper II), an Oxford Diffraction Xcalibur3 system (paper III) and a 

Bruker Kappa Apex II diffractometer (paper VI), using Mo-Kα radiation. Low-temperature 

equipment, cooling crystals to 100 K in a stream of nitrogen was applied. Because of the air and 

moisture sensitivity of the samples, all data collections were performed (paper II, III and VI) 

with samples encapsulated in either 0.3 mm Lindemann capillaries or in a droplet of Paratone oil. 
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The structure solutions were obtained using direct methods or the charge filpping algoritm 

included in program Superfilp102 and implemented in softwares WinGX103 and Olex2.104 Structure 

refinement was carried out using the SHELLX program package105 and Jana2000.106 Linear 

decomposition correction and numerical absorption correction was employed when needed, 

because of crystal decomposition and the heavy atoms involved in the crystal structures. More 

details on the data collection, structure solution and refinement are found in the corresponding 

papers.  

3.1.2 Powder X-ray Diffraction107 

Powder X-ray Diffraction (PXRD) builds on the same principles as SXRD described on the 

previous page. However, in powder diffraction measurements the incident X-ray beam is 

diffracted by a polycrystalline powder of randomly oriented crystallites rather than a single crystal. 

By scanning the sample through a range of 2θ angles a powder diffractogram with diffraction 

peaks corresponding to the one-dimensional projection of the three-dimensional reciprocal lattice 

of the structure can be attained. PXRD patterns or diffractograms can be used to determine unit 

cell parameters or even to reconstruct the three-dimensional structure of the sample. PXRD 

patterns are also often simply just used as a fingerprint to be matched with reference samples or 

structures from a database.  

Powder X-ray diffraction was conducted on a PANanalytical X’Pert diffractometer using CuKα 

radiation. Air sensitive powders were encapsulated in Lindemann capillaries. The data collection 

was made over 12-72 hours and the samples were kept spinning during measurement. Because of 

the small amount of material trapped in the capillaries a narrow high intensity beam was required 

to irradiate the sample. Therefore, an X-ray mirror set up was used together with an anti-

scattering filter and a beam stop, protecting the detector from direct beam exposure. A 

proportional detector was used for high resolution. The PANanalytical X’Pert High Score Plus 

program package was used for data evaluation and the PDF2-database for matching and 

‘fingerprinting’ the experimentally obtained powder patterns.108 

3.1.3 EXAFS Spectroscopy109 

For the speciation of arsenic clusters in solution extended X-ray absorption fine structure 

(EXAFS) spectroscopy was used. This technique which can be applied to samples in a wide range 

of physical states is used to probe the local environment, that is, the first 2-3 shells of atoms 

around an absorbing atom of a specific element. The interaction of an intense collimated beam of 

monochromatic X-rays, generated from synchrotron radiation, with a sample causes attenuation, 
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that is, absorption by the sample and a subsequent a loss in intensity of the incoming beam. 

Absorption occurs when the photon energy is sufficient to excite a binding core level electron; 

this phenomenon is seen as an absorption edge in the X-ray absorption spectra. The oscillatory 

variations of the X-ray absorption as a function of photon energy above the absorption edge is 

referred to as EXAFS. These oscillations give information about the atomic number, distance 

and coordination number of the neighboring atoms. 

At the Stanford Synchrotron Radiation Laboratory (SSRL) in California K-edge EXAFS data 

were collected in transmittance and fluorescence mode on beam line 4.1. SSRL is a third-

generation 3.0 GeV and 350 mA synchrotron radiation light source that provides high flux and 

brilliance. Beam line 4.1 uses the entire unfocused beam for X-ray absorption measurements in 

the hard X-ray range 5.5-38 keV. A Si(220) double crystal monochromator was used to achieve 

monochromatic radiation and detuning. An ion chamber detector was applied for transmittance 

measurements and a Lytle fluorescence detector for fluorescence detection. Concentrated 

samples were prepared and injected into a Lyttle cell with dimensions 2x13x23 mm equipped 

with Kapton-film windows. The K-edge of a solid arsenic sample (K-edge 11.87 keV) was used 

as an internal reference in the measurements and a germanium filter was placed between the 

sample and the Lyttle fluorescence detector to filter off unwanted scattering and to maximize the 

fluorescence signal.  

The acquired EXAFS-data was subjected to data reduction in the first step of data analysis. In 

this procedure experimental total absorption EXAFS-data μ(E) in energy (E) space is converted 

to interference data χ(k) in photoelectron momentum (k) space. The data reduction also involves 

background removal, normalization μ0(E), deglitching and the application of satisfying weight 

schemes. Data reduction and analysis were done using the SIXPACK software.110 The 

experimental set up and data analysis for the EXAFS experiments are further described in paper 

V. 

3.1.4 Raman Spectroscopy111 

Raman spectroscopy provides information on characteristic fundamental vibrations of molecules. 

Through the irradiation of samples by a laser emitting in the visible or near infrared range (λ 400-

1000 nm), a scattering process governed by elastic so called Rayleigh scattering and some extent 

of inelastic Raman scattering is induced. The Raman scattering can either be Stokes Raman 

scattering; which corresponds to the case when the energy of the emitted photon is lower than 

that absorbed photon or anti-Stokes Raman Scattering; which is the case where the emitted 

photon has a higher energy than the absorbed photon. The interaction of radiation with the 
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molecular vibrational energy states give rise to a spectrum of vibration bands characterized by 

their frequency (energy), intensity (polarizability) and band shape (environment of bonds). The 

frequencies of the molecular vibrations are unique to each molecule as the frequency depends on 

the mass of the atoms, their geometric arrangement and, the strength of their chemical bonds. 

The vibrational spectra can thus be used to explain molecular structures and as a ‘fingerprint’ of a 

particular molecule.  

In this work Raman spectroscopy was mainly used to study cluster ions and their counter ions in 

solution. The technique was found to be advantageous over other vibrational spectroscopy 

techniques such as infrared (IR) spectroscopy mainly because it allows fairly easy sample 

preparation and for air sensitive samples to be measured in sealed glass ampoules. Raman 

spectroscopy also has the benefit of being more sensitive to low frequency vibrational modes and 

allows samples to be analyzed at low concentrations in a wide range of physical states. 

A BioRad FTS 6000 spectrometer equipped with a Raman accessory, a 2W Nd:YAG laser 

(λ=1064 nm), a quartz beam splitter and a liquid nitrogen cooled Ge detector was used. A 

Holographic Notch filter in the spectrometer makes the effective frequency range 100-3600 cm-1. 

Air sensitive solid samples were studied in sealed standard melting point tubes, while sealed 

NMR-tubes were used for liquid samples.  

3.1.5 Uv/vis Spectroscopy 

Absorption spectroscopy in the ultraviolet to visible spectra region of the electromagnetic 

spectrum is referred to as Uv/Vis spectroscopy.  The absorbance of the Uv/Vis radiation is 

directly proportional to the path length, b, and the concentration, c, of the absorbing species. 

According to Beer's Law, which states that A=εbc, where ε corresponds to the absorbtivity, b 

the path length through the sample and c, the concentration. Different molecules absorb 

radiation of different wawelength and the absorption spectra shows absorption bands 

corresponding to the structural groups in the molecule. A Varian Cary300 spectrometer was 

used to obtain the Uv/vis spectra. Quartz cuvettes equipped with Teflon caps were used in order 

to study the air sensitive samples. As cluster solutions are often strongly colored highly dilute 

solutions need to be used in Uv/vis measurements in order not to cause complete absorption. 

Diluting cluster samples might cause shifts in cluster equilibrium. This is the main reason why 

this technique was less used in this work. 
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3.2 Computational Methods112 

In order to survey and gain further confirmation to the experimental results obtained within this 

work, some simple yet adequate quantum chemical calculations were performed. Quantum 

chemical calculations provide a detailed theoretical description of the system studied, by solving 

the Schrödinger equation. The Schrödinger equation is an equation which solution can describe 

atomic systems, atoms and electrons, as well as macromolecular systems. The equation can 

however, only be solved for one-electron systems without applying approximations. Therefore, 

approximations are needed to solve the equation for molecules with more than one electron. The 

less serious the approximations used the higher the level of the calculations is said to be. There 

are a number of methods available in computational chemistry to solve the Schrödinger equation. 

Ab initio methods such as Hartree-Fock (HF) are one example. Like all ab initio methods the HF 

methods solves the Schrödinger equation providing a set of wave functions describing the 

system. The Schrödinger equation can also be solved using density functional theory (DFT) 

calculations. DFT calculations provide the electron density rather than the wave function of the 

system. Both HF and DFT calculations were made within this work, although DFT calculations 

are generally faster and more accurate than ab initio methods. All calculations performed include 

energy optimization and evaluation of the total-energy eigenvalues. The Gaussian03 (rev.02)113 

and Gaussian09 (rev.A.1)114 program package were used for all calculations. 

3.2.1 Basis Sets and Effective Core Potentials 

Basis sets are a set of mathematical functions describing the molecular orbitals of a molecule. 

Gaussian functions are most commonly used in ab initio calculations. The basis set only consists 

of the valence electrons; this is why effective core potentials (ECP) (also called pseudo-potential) 

have to be used. ECP accounts for the effect of the chemically inert inner electrons and allows 

them to be omitted, simplifying the system to its valence electrons. A good choice of ECP and 

basis set saves time and provide good quality data from the calculations. The basis sets used in 

papers; I,and II were generally of ‘6-311G’ quality.75 The EPC and basis set used in paper III; 

MDF10 (12s12p9d)/[6s6p4d] and in paper V MDF10 (10s11p9d1f)/[5s4p3d1f].115,116 

 

3.2.2 Electron Localization Function (ELF) Calculations and Analysis  

In order to analyze the electronic structure of the calculated Ge9
2- cluster of paper III, electron 

localization function calculations (ELF and ELI-D) were performed using the DGrid 4.5 

program.117 ELF calculations determine the probability of finding an electron, with the same spin, 

in the neighboring space of a reference electron at a given position with a given spin. The 



36 
 

chemical bonding, based on the Pauli Exclusion Principle, which states that two electrons sharing 

the same orbital must have opposite spins, can thus be extracted from the ELF calculations. The 

calculations enables graphical mapping of the probability of chemical bonding in real space. The 

local maxima of the function can be attributed to localized bonds, lone-pairs or atomic shells and 

local minima a result of Pauli repulsion. The computational results from ELF calculations can be 

well represented and visualized in isosurface pictures (3D analogues of contour maps in 2D). The 

results from the ELF calculations and the related experimental results are discussed in paper V. 

3.2.3 EXAFS Calculations and Analysis109 

The coordinates of energetically feasible energy optimized polyatomic arsenic clusters derived 

from HF and DFT calculations were used to create input files for ab initio calculations of multiple 

scattering paths and curved wave electron EXAFS spectra using the FEFF program.118 FEFF 

calculations yields information on phase shift and scattering amplitude functions from the atomic 

parameters of multiple scattering systems, information which was used  FEFFIT in the Artemis 

program to fit experimental EXAFS data.119  

Analysis of the fitted EXAFS data was mainly done through the evaluation of statistical fitting 

parameters based on non-linear least square fits of the calculated data to the experimental data. A 

detailed discussion of the calculations and analysis of theoretical and experimental EXAFS data 

can be found in paper V.  
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4. Results and Discussion on Clusters from Group 14 and 15 Elements 

4.1 Synthesis and Structural Investigation of a Fully Ordered closo-Ge9
2- 

The Zintl cluster anion Ge9
2- was isolated in the form of the [K+(2,2,2-crypt)]2Ge9

2- salt, from the 

dissolution of precursor K4Ge9, prepared from a solid state reaction of the stoichiometric mixture 

of elements K0 and Ge0 in an niobium tube at 850 ᵒC. Ethylenediamine with the addition of 

sequencing agent 2,2,2-cryptand was used in the dissolution of K4Ge9. High quality crystals were 

produced by solvent diffusion using toluene. Although the synthesis and crystallization procedure 

follows standard procedures for Zintl cluster preparation, the quality of the crystals isolated in 

this work exceeds that of the quality of previously investigated crystals.  

Crystallographic measurements were performed at -temperatures 100 K and at 250 K. The 

crystallographic data from these measurements are summarized in Appendix B. The crystal 

structure determination at 100K was not successful through automatic indexing procedures and a 

unit cell very similar to that of 250 K (a = b = 11.8 Å, c = 22.4 Å, α = β = 90ᵒ, γ = 120ᵒ) was 

obtained.  However, an investigation of the reciprocal lattice at 100 K showed distinct differences 

to that of the 250 K measurement, Figure 13 on the next page. It was observed that low values of 

index l, showed perfect overlap between reflections, while layers of higher index l split into 

shamrock-like arrangements, indicating twinning. The split in the reflections might be explained 

by a monoclinic distortion of the hexagonal lattice and thus the 100 K data was integrated in a 

monoclinic cell taking in to account that the reflections at low index l represent a complete 

overlap of the three crystal domains and that the only one individual of the higher index l 

reflection (which show no overlap) should be integrated. The integration as well as the 

refinement of the data at 100 K showed the twinning of the crystal to be unbalanced which 

would result in large crystal domains. However, there were no signs of cracking of the crystal and 

the data set collected at 250 K is that of a high-quality crystal. This indicates that it could be 

possible to cycle the phase transition and possibly even to anneal the low-temperature phase in 

order to obtain a crystal of a single-domain. 

The structure determined at 100 K shows a fully ordered Ge9
2- cluster shaped as a tricapped 

trigonal prism, Figure 14 on the next page. The cluster is considered as a 20-electron closo cluster, 

2n+2 electrons with n=9 resulting in 20 electrons available for skeletal bonding, in accordance to 

Wade’s rules. Two ranges of bond distances are observed between the germanium atoms that cap 

the square faces of the trigonal prism (~2.56 Å) and the atoms that form the vertices of the prism 

(~ 2.73 Å).  
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hk0 hk4 hk8 

Figure 13 Reconstructed reciprocal lattice images from the 100K measurement. A perfect 

overlap between individuals in the hk0 layer is observed whereas individuals in the hk8 layer are 

well resolved. The intermediate situation in the hk4 layer is also shown. 

 

Figure 14 The tricapped trigonal prismatic shape of the Ge9
2- cluster refined from the data 

collected at 100K.  

  a b 
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A second data collection was performed at 250 K. This temperature 250 K was chosen to ensure the 

crystals being fixed in the Paratone oil but being as close to room temperature as possible. Starting 

from a model derived from the low temperature data the occupancies of the Ge-positions were 

refined as a 63 % occupancy for Ge1 and occupancies 26, 28, 36 and 42 % for Ge2-5, respectively. 

Applying these restrictions resulted in a solution that agrees well with the diffraction data collected at 

250 K. Figure 15, on the next page shows the retrieval of the fully ordered cluster as a partial 

population of the atomic positions from the structure produced by the refinement of the data 

collected at 250 K 

An earlier report on the Ge10
2- by Belin et. al. in the early 1990s’ have been disputed as being 

erroneous, as there is extensive disorder in the structure and that the charge balance of the cluster is 

more naturally achieved by a Ge9
2- unit.124 Using a model derived from the crystal data obtained by 

Belin et. al. crystal data and applying this to the 250 K data showed comparable refinement results, as 

seen in Table 3. 

Table 3 Comparison of occupancies of the different Ge-positions in the structure reported by Belin 

et. al. and in the 250 K structure determined in this work.124 

                   Data from C. Belin et. al.124                                        Data from measurement at 250 K 

Ge1 0.0914(9) 0.0926(9) 0.1618 (4) 0.0861(3) 0.0860(3) 0.16329(9) 

Ge2 0.1408(5) 0.1396(5) 0.1880(2) 0.1555(3) 0.1614 0.18649(13) 

Ge3 0.1928(2) 0 1/4 0.22598(15) 0 1/4 

Ge4 0 -0.2297(7) 0.25 0 -0.18098(7) 1/4 

Ge5 - - - 0.0920(2) 0.0247(3) 0.20698(13) 

K 1/3 2/3 0.0423(3) 1/3 2/3 0.04651(4) 
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Figure 15 Retrieval of the fully ordered cluster as a partial population of the atomic positions 

from the structure produced by the refinement of the data collected at 250 K. In all images, the 

horizontal direction corresponds to the two fold axis of the cluster, that is, the a-axis of the 

trigonal cell and the b-axis of the monoclinic cell respectively. Top Left: Projection along the c-

axis of trigonal cell of the disordered cluster of the structure refined from the data collected at 

250 K. Top right: The same cluster viewed along the pseudo three-fold direction of the ordered 

cluster. Bottom left: Same view as Top Right but only selected positions are shown. Bottom 

right: The ordered cluster in the 100 K structure viewed along the pseudo three fold directions. 
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The Raman spectra of the crystalline solid [K+(2,2,2-crypt)]2Ge9
2- shows a strong Raman bands at 

212 cm-1, Figure 16 and 17. This observed Raman band is assigned to the breathing mode 

vibration of the Ge-cluster. 

 

Figure 16 Raman spectra below 500 cm-1 of the crystalline solid [K+(2,2,2-crypt)]2Ge9
2-at room 

temperature. The pure 2,2,2-cryptand is shown for reference along with the solvents used in 

synthesis and crystallization; ethylenediamine and toluene. 

 

 

Figure 17 Full Raman spectra of the crystalline solid [K+(2,2,2-crypt)]2Ge9
2- at room temperature. 

The pure 2,2,2-cryptand is shown for reference along with the solvents used in synthesis and 

crystallization; ethylenediamine and toluene. 
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Quantum chemical calculations support the observed assignment of the breathing mode 

vibration of the Ge-cluster, as the calculated Raman breathing mode is calculated to be  216 cm-1. 

Calculations also predict a strong Raman band at 177 cm-1 attributed to the stretching mode of 

the intratriangular prismatic phases. This Raman band might constitute one of the Raman bands 

below 200 cm-1, seen in Figure 16. 

Hartree-Fock (HF) and density-functional theory (DFT) calculations done on the closo-Ge9
2- 

cluster revealed two different conformers of D3h symmetry. The lowest energy structure, Figure 

18 on the next page, agrees well with the structure obtained from the crystallographic results at 

100 K. The Ge-Ge distances of the calculated model are slightly longer than those measured 

from crystallographic data, Table 4. This is a common phenomenon for interatomic distances of 

main group clusters determined by quantum chemical calculations. 

Table 4 Comparison of calculated and crystallographic bond distances (100 K data) of the Ge9
2- 

cluster. 

 Calculated bond distances 

(lowest energy D3h) 

Crystallographic bond 

distances 

Bonds within the trigaonal prism 

(illustrated in Figure 14) 

2.77 Å 

2.80 Å 

2.71-2.73 Å 

2.73-2.76 Å 

 

Bonds between the trigonal prism 

and the capping atoms (illustrated 

in Figure 14) 

2.61 Å 2.53-2.59 Å 

 

Electron localization function analyses (ELF and ELI-D) were also done in order to gain insight 

into the bonding scheme of Ge9
2-, Figure 18 on the next page. From these analyses it is evident 

that the nonbonding electron pairs on each Ge atom are dominating. Accumulation of electron 

pair probability is also seen over the two triangular prismatic faces, seen in Figure 18 c and d. 

These might be seen as potential (3c, 2e)-bonds. The electron pair density between all capping-to-

triangular prism bonds, shown in Figure 18 a and b, indicates (2c, 2e)-bonds. A fully localized 

bonding regime between the capping-to-triangular prism would require 24 skeletal electrons 

available for bonding. As this is not the case for the Ge9
2- cluster a highly delocalized bonding 

scheme is to be expected in this cluster.  
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Figure 18 The calculated, lowest-energy conformer of the Ge9
2- structure, represented as a cage 

structure (a and c), and the ELF image of the Ge9
2- cluster (b and d; isovalue 0.55). Top and side 

view of the total electron density for Ge9
2- (e and f respectively).  

 

a b 

c d 

e f 
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4.2 Pentabismuth-tris(tetragallate), Bi5[GaCl4]3, from Reactions in Dichloromethane 

and Ionic Liquids   

Both dichloromethane and ionic liquids; [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and [Bu-Me-

Pyrr+][Cl-], have been shown to work as alternative reaction media for the synthesis of the 

pentabismuth-tris(tetragallate) salt, Bi5[GaCl4]3, containing the subvalent naked bismuth cluster 

Bi5
3+. Lewis acid, GaCl3, was added to the reaction media, making them Lewis acidic. The Lewis 

strength and exceptionally high solubility of GaCl3 in both dichloromethane and the ionic liquids 

used in this work made it the primary choice in synthesis. Going from non-polar solvents like 

benzene, previously shown to work for synthesis of subvalent naked clusters,67,68 to intrinsically 

polar solvents like dichloromethane and ionic liquids was motivated by the potential of these 

media stabilizing new cluster species.  

The reduction of BiCl3 with gallium metal in GaCl3-dichloromethane solution shows distinctive 

color change. Immediately after mixing the reaction solution turned grayish and after some time 

the reaction showed a greenish coloration. The green color observed could be an indication of 

the formation of Bi+ as an intermediate in reduction of Bi3+ to the isolated, product Bi5
3+. Bi+ has 

previously been spectroscopically detected in green solution from cluster-forming oxidation 

reaction using bismuth metal.67 The isolated Bi5[GaCl4]3 salt is strongly red in color, as seen in 

Figure 19.  

 

 

 

 

Figure 19 Crystalline powder of Bi5[GaCl4]3  enclosed in 1.3 mm capillary showing a deep red 

color (image from Optika B-350 microscope.  

Strong colorations were observed for all clusters obtained in this work. The observed coloration 

is an effect of the clusters strong absorption in the visible region of the electromagnetic spectrum 

(400-700 nm). The gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) is partly determinant for the coloration.13 The heavier 

elements of a group is often associated with stronger colors as the wavelengths absorbed 

increases as the metal-metal bonding becomes stronger and the HOMO-LUMO gap decreases. 

1.3 mm 
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An increasing number of metal centers will also influence the color, generally shifting absorption 

to longer wavelengths, as the number of bonding- and antibonding-molecular orbitals increase 

causing a band structure to develop and the HOMO-LUMO gap to diminish.  

The synthesis in ionic liquids; [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-], follows 

the same reduction reaction procedure as that in dichloromethane. BiCl3 was reduced with 

gallium metal in different molar ratios of GaCl3 to ionic liquid (1:1, 1:2 and 2:1). The reaction was 

relatively fast in these media compared to the overall reaction rate in dichloromethane which 

took days instead of hours. The powder products of Bi5[GaCl4]3 formed in ionic liquid media 

showed the same reddish color as the salts isolated form dichloromethane solution. The same 

Bi5[GaCl4]3 salt was isolated from all different ratios of GaCl3 to ionic liquid. There were no 

obvious observations of intermediate color changes in the reactions run in ionic liquid media. 

The red powder products were characterized to be the Bi5[GaCl4]3 salt by powder X-ray 

diffraction. The overall peak-patterns or peak-outlines of the products from the synthesis in ionic 

liquids; [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-] are comparable, although the 

recorded diffractogram are rather noisy, as seen in Figure 20 on the next page. This is an effect of 

ionic liquid remains in the samples as the samples were sticky powders rather than powdery 

solids. The simulated diffractogram from the previously determined crystal structure of 

Bi5[GaCl4]3 obtained from benzene-based media29 is shown for reference. The diffraction pattern 

of Bi5[GaCl4]3 from the synthesis in dichloromethane also corresponds well to the simulated 

diffractogram, as seen in Figure 21. There remains one unidentified peak in the diffractogram of 

Bi5[GaCl4]3 from dichloromethane. This peak cannot be associated with any of the reactants and 

is therefore viewed as a sign of some sort of impurity in the sample. The spectrum of Bi5[GaCl4]3 

from dichloromethane is somewhat less noisy, as a result of the powder being properly dried by 

via solvent evaporation prior to analysis. Such a drying process was not applicable to the ionic 

liquids because of their negligible vapor pressure. This constitutes a particular problem in product 

isolation and purification in these media.  
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Figure 20 The powder diffractogram of the Bi5[GaCl4]3
 salt synthesised in (a)[Th-Td-P+][Cl-], 

(b)[Dod-Me-Im+][Cl-] and (c)[Bu-Me-Pyrr+][Cl-]. The theoretical powder diffractogram of 

Bi5[GaCl4]3 based on crystallographic data from synthesis in GaCl3-benzene solution29 is shown at 

the base of the graph. 

 

 

 

 

 

 

 

 

 

 

Figure 21 Powder diffraction pattern of Bi5[GaCl4]3 crystals synthesized from dichloromethane. 

Measured peak pattern in black and the simulated peak pattern based on crystallographic data of 

Bi5[GaCl4]3 in gray.29 * marks the unassigned peak in the measured diffractogram.  
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The crystal structure of the Bi5[GaCl4]3 salt is shown in Figure 22.29 Bi5[GaCl4]3 consists of 

trigonal bipyramidal Bi5
3+ and tetrahedral [GaCl4

-] units.  

 

 

 

 

 

 

 

 

 

 

 

Figure 22 The crystal structure of Bi5[GaCl4]3 and the thermal ellipsoid plot at 50 % probability 

of the trigonal bipyramidal, Bi5
3+, cluster cation and the thetrahedral,GaCl4

-, anion. 

The formation of Bi5[GaCl4]3 in both dichloromethane and ionic liquid raises some questions: 

Which species are present in solution and makes these synthesis possible? Are the same 

chlorogallates(III) ions expected in both reaction media? How do these systems compare to the 

previously used GaCl3-benzene system? In order to answer these questions an investigation by 

Raman spectroscopy was conducted. Both the ionic liquid and dichloromethane reaction systems 

were studied. The Raman investigation was also performed in hope of finding answers to the 

noticeably slower reaction rate in dichloromethane compared to the reactions in ionic liquis; [Th-

Td-P+][Cl-], [Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-] or in benzene.  

In dichloromethane the GaCl3-DCM and Ga-GaCl3-DCM systems were studied. A 50 mol% 

GaCl3-DCM mixture show Raman bands at 461 cm-1, 413 cm-1, 343 cm-1, 168 cm-1 and 110 cm-1. 

These Raman bands are all assigned to the gallium(III) chloride dimer, Ga2Cl6. The Raman band 

at 370 cm-1 is attributed to monomeric gallium(III) chloride, GaCl3. The gallium-carbon 

interaction is thought to give rise to the band at 322 cm-1. As seen from the assignment of Raman 

bands summarized in Table 5 on the next page, the Raman bands observed from the GaCl3-

DCM system corresponds well to those observed from a 50 mol% GaCl3-Bz solution.  
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Table 5 Raman bands (cm-1) of benzene and dichloromethane systems (paper I) compared with 

literature data.16  

*Saturated with gallium metal. 

 

The Raman bands at 393 cm-1 and 140 cm-1, corresponding to GaCl3, are not detected in GaCl3-

DCM solution. There are also the Raman bands at 233 cm-1 from the GaCl3-DCM and the band 

at 225 cm-1 from the GaCl3-benzene system that have not been assigned. These Raman bands are 

thought to be an effect of the gallium species in solution as these Raman bands cannot be 

assigned to the solvent. The Raman spectra of the dichloromethane and benzene system 

discussed are shown in Figure 23 and 24. 

 

 

 

 

GaCl3-
C6H6 

Assignment Ga-
GaCl3-
C6H6

* 

Assignment Ga-
GaCl3 -
C6H6 

Assignment Ga-
GaCl3-
CH2Cl2 

Assignment 

Ref. 32  Ref.32  [Paper IV]  [Paper IV]  

 
463 

 
Ga2Cl6 

     
461 

 
Ga2Cl6 

413 Ga2Cl6 418 Ga2Cl7-   413 Ga2Cl6 

393 GaCl3 394 Ga2Cl7-     

367 GaCl3 370 Ga2Cl7- 
and/or 
Ga3Cl10

- 

368 Ga2Cl7- 
and/or 
Ga3Cl10

- 

370 GaCl3 or 
Ga2Cl7- and 

Ga3Cl10
- 

344 Ga2Cl6 346 GaCl4- 343 GaCl4- 343 Ga2Cl6 or 
GaCl4- 

Obscured Ga2Cl6       

325 Ga-C 260 Ga2Cl7- 
and/or 
Ga3Cl10

- 

  322 Ga-C 

168 Ga2Cl6     168 Ga2Cl6 

140 GaCl3 150 GaCl4-     

109 Ga2Cl6     110 Ga2Cl3 
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Figure 23 Raman spectra below 500 cm-1of the GaCl3-DCM and Ga-GaCl3-DCM systems at 

room temperature. Pure dichloromethane is shown for reference.  

A ratio of GaCl3 and gallium metal that correspond to the amounts used in synthesis; 0.5 mmol 

Ga0 and 1.4 mmol GaCl3, were used for the investigation of the Ga-GaCl3-DCM system. From 

the Raman-spectroscopic results, no significant change in the spectra of the Ga-GaCl3-DCM 

system can be noted when compared to that of the GaCl3-DCM system, as seen in the spectra in 

Figure 23. The Raman spectra of the Ga-GaCl3-Bz system on the other hand differ significantly 

from that of the GaCl3-Bz system. The two pronounced Raman bands at 346 cm-1 and 370 cm-1 

and the absence of other strong Raman bands indicate the predominant species in benzene 

solution to be chlororgallate(III) ions; GaCl4
 -, Ga2Cl7

 - and Ga3Cl10
 -, Figure 24.  

 

 
Figure 23 Raman spectra below 500 cm-1of the GaCl3-Bz and Ga-GaCl3-Bz systems at room 

temperature. Pure benzene is shown for reference.  
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In the Ga-GaCl3-DCM solution low concentrations of chlorogallate(III) ions; GaCl4
-, Ga2Cl7

- and 

Ga3Cl10
- can be interpreted as an indication of the low solubility of gallium metal in 

dichloromethane. In benzene the solubility of gallium metal is noticeably higher than in DCM. 

Thus, the concentration of Ga+ is higher in benzene solution and chlorogallates(III); [GaCl4]
-, 

[Ga2Cl7]
- and [Ga3Cl10]

- are present in detectable amounts. Based on the Raman results, the slow 

cluster formation rate in DCM is believed to be an effect of the considerably lower solubility of 

gallium metal in this solvent. The solubility of GaCl3 is on the other hand equally high in both 

DCM and benzene (~ 50 mol%). 

The broadening of the solvent peak at approximately 112 cm-1 in the Raman spectra of the 

benzene systems, GaCl3-Bz and Ga-GaCl3-Bz, could be an indication of the solvent-

chlorogallate(III) interactions. The broadening is also noticeable in the GaCl3-DCM and Ga-

GaCl3-DCM systems but most apparent for the Ga-GaCl3-Bz. 

The same strategy for Raman investigation as applied for the dichloromethane system was used 

for the GaCl3-IL systems studied. The molar ratio of GaCl3 to ionic liquid was set to; 1:1, 2:1 and 

1:2. These ratios were used in an attempt to investigate Lewis-basic (1:2) and Lewis-acidic (2:1) 

conditions obtained by changing the GaCl3:IL ratio. The results from the Raman investigation of 

the ionic liquids used are presented in Figures 25-27; [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and 

[Bu-Me-Pyrr+][Cl-] respectively. The general trends in the Raman spectra, are that in a molar 

excess of ionic liquid over GaCl3, there are more Raman bands from the chlorogallates(III) in the 

spectra. Based on a comparison to the literature reported values for GaCl3 in benzene, we have 

assigned the vibrations to chlorogallates(III) ions; GaCl4
- (Raman bands at approximately 150 cm-

1 and 350 cm-1), Ga2Cl7
- (Raman bands at approximately 390-400 cm-1) and Ga2Cl7

- and/or 

Ga3Cl10
- (Raman bands at approximately 260 cm-1 and 370 cm-1). There are fewer Raman bands 

for the scenario of excess GaCl3 in relation to ionic liquid, when compared with GaCl3-benzene.. 

The Ga-GaCl3-IL system was also investigated by Raman spectroscopy, but there was no 

distinguishable difference when compared to the results from the GaCl3-IL systems. The full 

comparisons of the Raman bands of the different ionic liquid systems are presented in Appendix 

A, Table A1-A3. 
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Figure 25 Raman spectra of the GaCl3-[Th-Td-P+][Cl-] system at different molar ratio of ionic 

liquid and GaCl3 at room temperature.  

 

Figure 26 Raman spectra of the GaCl3-[Dod-Me-Im+][Cl-] system at different molar ratio of 

ionic liquid and GaCl3 at room temperature. 

 

Figure 27 Raman spectra of the GaCl3-[Bu-Me-Pyrr+][Cl-] system at different molar ratio of ionic 

liquid and GaCl3 at room temperature. 
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The observations from the Raman study on ionic liquids, [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and 

[Bu-Me-Pyrr+][Cl-], do not completely follow the trends documented for the chloroalluminate-

based ionic liquids in literature.86 The chloroalumminate-based ionic liquids have been shown to 

form basic media in a molar excess of ionic liquid over AlCl3, while molar excess of Lewis acid 

over ionic liquid have been shown to result in acidic media. These characteristics of the 

chloroalluminate ionic liquid, when mixed with a Lewis acid, is illustrated in the equilibrium 

below:  

 [cation+][Cl-] + AlCl3  [cation+][AlCl4
-]  (I) 

 [cation+][AlCl4
-] + AlCl3  [cation+][Al2Cl7

-] (II) 

 [cation+][Al2Cl7
-] + AlCl3  [cation+][Al3Cl10

-] (III) 

 

In the case of a molar excess of chloride (chloride-based ionic liquid) the first equilibrium is 

dominating in solution.86 This indicates that the dominant counterions in solution are Cl- and the 

chlorogallate(III) anion, GaCl4
-. Under these conditions the ionic liquid is said to be Lewis basic. 

In the case of a molar excess of Lewis acid over ionic liquid, equilibrium II and III are expected 

to be dominat in solution and the ionic liquid is Lewis acidic. The behaviour of the three ionic 

liquids used within this work was expected to be the same as that described for the 

chloroaluminate-based ionic liquids. From the Raman-spectroscopic study on [Th-Td-P+][Cl-], 

[Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-] with Lewis acid, GaCl3, it is evident that the situation 

is somewhat more ambiguous in these systems. However, the Raman spectroscopy results 

obtained from these systems have only been used to extract information at a qualitative level 

regarding speciation in solution and should not be taken as quantitative measure. 

In order to further investigate dichloromethane as a solvent for the synthesis of Bi5[GaCl4]3 and 

its ability to stabilize subvalent clusters such as the Bi5
3+ a few simple quantum chemical 

calculations were performed. The aim of these calculations was to investigate the interaction 

energy between the cluster and the solvents, dichloromethane, on a computational level. A simple 

but adequate model for answering this question was the Bi5
3+ cluster and an isolated solvent 

molecule. Besides dichloromethane, calculations were also made on benzene (Bz), chloromethane 

(CM) and chloroform (trichloromethane, TCM) molecules, for reference. Judging from the 

calculated charge distribution of the Bi5
3+ cluster, the main solvent interaction is expected from 

the +0.8 charged apical Bi atoms, Figure 28. The equatorial bismuth atoms hold a charge of 

approximately +0.5. The difference between the total energy of the cluster-solvent interaction 
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and the total energy of the individual cluster ion and solvent molecules provide a rough estimate 

of the interaction energy and the numbers obtained can be compared on a relative scale.  

 

 

Figure 28 Geometrically optimized model system of Bi5
3+ and a single dichloromethane 

molecule. 

Going from benzene to chloromethane the interaction energy is almost doubled. Comparing the 

interaction energy of benzene to dichloromethane or trichloromethane the increases are 3.6 and 

5.3, respectively. This observation was somewhat surprising as the Bi5
3+-benzene interaction was 

expected to be stronger, because of its previously shown ability to stabilize subvalent species in 

solution.67,68 It thus seems that the non-polar character of the dichloromethane solvent has effects 

on the interaction with the cationic clusters. The solvent cluster interaction involving a polar 

solvent, interacting mainly through electrostatics, thus seems to be more efficient than the 

expected ‘soft’ interaction with the π-system of the non-polar solvents. However, this balance 

must be quite subtle, since more polar solvents tend to decompose the subvalent clusters rather 

than offering a good medium for stabilization. 

Raman cluster breathing mode frequencies were calculated for comparison with experimental 

data, Table 6. The results show little difference between the model systems: Bi5
3+-Bz, Bi5

3+-CM, 

Bi5
3+-DCM and Bi5

3+-TCM. The computed frequencies are also within proximity of what has 

been experimentally detected for naked Bi5
3+ clusters (139 cm-1) in benzene solution. It thus 

seems that the cluster breathing mode vibrations are relatively unaffected by the interacting 

solvent molecules, highlighting the non-covalent type of solvent interaction. 
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Table 6 Calculated breathing mode Raman frequencies and interaction energies for the Bi5
3+ 

cluster together with CM, DCM, TCM and Bz. For reference the experimentally obtained 

breathing mode Raman frequency of the naked Bi5
3+ cluster in benzene solution is listed.67 

Model systems Raman bands (cm-1) Interaction energy (kJ/mol) 

Bi5
3+-CM 141/154 -7630 

Bi5
3+-DCM 140/153 -14510 

Bi5
3+-TCM 154 -27655 

Bi5
3+-Bz 

Bi5
3+ 

142/167 
139 

-40769 
 

 

An evaluation of both the experimental and computational results show that dichloromethane as 

well as ionic liquids can offer a solvent environment favorable for cluster synthesis. The 

computational results on the dichloromethane system also indicate the interaction of the cluster 

with dichloromethane to be stronger than the cluster-benzene interaction. A strong solvent 

cluster interaction might cause cluster precipitation and crystallization to be challenging.  

In this work crystallization of the products formed in ionic liquid media proved challenging. The 

low surface tension of many ionic liquids has in synthesis of nanoparticles been shown to lead to 

high nucleation rates and consequently the formation of crystals of small particle sizes.98 This 

might be the reason as to why only crystalline powders were obtained from the reactions run in 

in ionic liquids; [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-]. The shared counter 

ion of both the bismuth polycations and the cation of the ionic liquid might cause the bismuth 

clusters activity in the solution, that is solubility, to be undesirably high, preventing the 

Bi5[GaCl4]3 salt from precipitating in higher yield. 

Ionic liquids, [Th-Td-P+][BF4
-],[Th-Td-P+][(Tf)2N

-], [Th-Td-P+][PF6
-], who all consists of other 

anions than Cl) were also tested in synthesis. It was anticipated that this compositional change, 

that is the change of anion, would facilitate the isolation of solid product. The expectation was 

also that the new anions might stabilize different bismuth polycation clusters, than the isolated 

Bi5
3+, potentially present in the reaction mixture. The anions of ionic liquids have also been 

shown to exercise a significant control over the ionic liquid miscibility and interference with other 

solvents. The results from these reaction studies were however, comparable with those from 

synthesis in [Th-Td-P+][Cl-], [Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-]. In order to improve 

crystallization and to slow down nucleation and crystallization rate in the ionic liquids co-solvent 

reactions were tried. The co-solvent approach, which proved successful for the isolation of the 

W3Cl10(CH3CN)3 is discussed in paper VI. This approach did however, not provide single crystals 

from the bismuth systems.  
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4.3 Arsenic Clusters in Solution - An Experimental and A Priori Theoretical EXAFS 

Study  

With the aim of trying to isolate arsenic clusters the oxidation reaction of arsenic metal in AlCl3-

toluene solution (1), the reduction reactions of AsCl3 using aluminium in AlCl3-toluene solution 

(2), and the symproportionation reaction of AsCl3 and As and in AlCl3-toluene solution were 

explored. The oxidative and reductive reaction routes gave strongly color rust-brown reactions 

solution. The strong color changes observed were taken as an indication of cluster formation, as 

these reaction routes have been shown to result in cluster formation from the heavier Group 15 

elements; Bi and Sb.  

                   (1) 

      
                   (2) 

         
              (3) 

 

The UV/vis spectra of reaction solutions from both the reduction and oxidation reaction proved 

to be quite similar, as seen in Figure 29 on the next page. The bands observed are indicative of 

the formation of As cluster species in solution and the fact that the two spectra are so similar is 

indicative of the same predominant cluster species being present in both reaction solutions. 

There is however, one band at longer wavelengths in the UV/Vis spectra from the reduction 

reaction which is not observed in the spectra from the oxidative reaction route. Larger clusters 

are expected to give rise to bands at longer wavelengths and thus this band might be an 

indication of a larger cluster species being present in the reaction solution from the reductive 

route, in lower concentration. The Raman spectra of the two reaction solutions wera also 

measured. They show a weak but clear signal at 343 cm-1, Figure 30 on the next page.  

A lot of effort was put into trying to recover crystaline material from the solutions obtained. All 

of the crystallisation methods described in section 2.2.2 were attempted, but failed to give 

crystaline material. As a consequence to the lack of crystaline material an insolution EXAFS 

study of the reduction and oxidation reaction solutions were performed. The EXAFS traces from 

both the oxidative and reductive routes were shown to be analogous, as seen in Figure 31 on 

page 58. 

 

 

 

 

subvalent As-species 

subvalent As-species 

Subvalent As-species 
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Figure 29 UV/vis spectra of subvalent As-species obtained from the reductive (black) and 

oxidative (gray) routes of synthesis.  

 

 

 

Figure 30 Raman spectra of the As-cluster containing solution from the reduction (black) and 

oxidation (gray) reactions of arsenic. The weak Raman band marked * at 343 cm-1 is attributed to 

As-cluster formation. 
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Figure 31 Left: Normalized, background-subtracted k2-weighted EXAFS data from the oxidative 

and reductive routes of arsenic cluster preparation. Right: Radial distribution functions obtained 

by Fourier transformation for the two routes of preparation. Top figure correspond to the 

reductive reaction route and bottom figure corresponds to the oxidative reaction route. 

Analysis of the EXAFS results were done by fitting calculated EXAFS traces, of the most 

commonly known clusters from the analogous Bi and Sb systems, to the experimental EXAFS 

data. The model clusters used in the calculations are listed in Table C1 of Appendix C. In doing 

so it was realised that all calculated cluster models fit equally well to the experimental data. The 

major reasons for this problem is that clusters have been shown to be extremely fluxional, so that 

that a specific structure or symmetry cannot be assigned to the cluster.120 This has the 

consequence that only the scattering of the nearest-neighbours contribute distinctly to the 

EXAFS trace from such samples. The multiple scattering data (from non-nearest neighbours), 

which is extremely important for the assignment of a specific cluster structure/symmetry, will 

thus be absent in the experimental data. Only the most simple cluster model of the As-As vector 
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with a variable bond distance and number of such vectors (mimicking the number of nearest 

neighbours) was fitted to the data. The results from a fit of this type gave an average distance of 

(2.46 ± 0.02) Å and (3.0 ± 0.9) neighbours. This indicates that the cluster present in the reaction 

solutions, that give rise to the EXAFS scattering data, must be a small cluster with few 

neighbours.  

Because of the limitations described above the calculated EXAFS trace of the structure models 

were not fit to the experimental data. Instead comparisons between experimental and a priori 

generated EXAFS traces from ab initio molecular dynamics (AIMD) were used to evaluate the 

experimental data. Based on the indications that the cluster must be small, structural models from 

small As clusters of low charge such as As4, As5
+ and As5

3+ were calculated using AIMD. The 

comparisons between the experimental and AIMD-calculated EXAFS for the As4 model gave a 

reasonable match, as shown in Figure 32. The EXAFS traces for all other model compounds 

calculated using AIMD, did not provide reasonable matches; see Appendix C Figure S1 and S2. 

 

 

Figure 32 Comparison between experimental and AIMD-calculated EXAFS traces. 

The neutral As4 cluster model which gave the most reasonable match has exactly 3 nearest 

neighbours and an average As-As distance of 2.442(3) Å gave the most reasonable fit. The 

tetrahedral As4 cluster is previously known to exist in vapour phase, having an As-As bond 

distance of approximately 2.435 Å.19 The lack of charge of the As4 cluster might be one 

explanation as to why crystallization difficulties from the reaction solutions were encountered. 
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The electron transition data of the As4 cluster, using both time-dependent density functional 

theory (TDDFT) and configuration interaction including only singlets (CIS) calculations, results 

in transitions at 278 and 262 nm (TDDFT), and 256 and 242 nm, respectively. The theoretical 

models that were used are rather approximate but give results that are in relatively good 

agreement with the experimentally observed UV/vis transitions in the 250-270 nm range. The 

calculated totally symmetric stretch vibration for As4 is 396 cm-1. This is in rather good agreement 

with the experimentally determined wavenumber of 343 cm-1.  

Although the results leave some uncertainty, As4 stands out as the most probable cluster model 

to explain the experimental data. The results and data analysis leading up to this conclusion also 

highlight some of the prospective of using AIMD calculations for EXAFS analysis, as well as the 

limitations of using ‘standard’ fitting procedures of EXAFS data in terms of analysis of cluster 

compounds.  
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5.  Results and Discussion of Clusters from Group 6 and 10 Elements 

5.1 Tungsten Chloride W3Cl10 from Synthesis in Ionic Liquid Using Organic Co-

solvent 

The synthetic approach of using the ionic liquid trihexyl tetradecyl phosphonium chloride [Th-

Td-P+][Cl-] mixed with toluene as a co-solvent, proved successful for room temperature synthesis 

of tungsten chloride W3Cl10(CH3CN)3. Crystallization by solvent diffusion, using acetonitrile, 

resulted in single crystals of W3Cl10(CH3CN)3. The structure determination was done by 

integration of the X-ray diffraction data in a hexagonal space group using rhombohedral 

centering in obverse. In accordance with the symmetry of the diffraction pattern (Laue class 

 2/m) a structure solution was found in the acentric space group R3c revealing a polar W3Cl10 

cluster with three coordinating acetonitrile molecules. This solution showed significant residual 

electron density. The residual electron density could be assigned to an inverted cluster. The ratio 

of the two orientations was refined to 5:1 with simultaneous application of an inversion twin 

matrix with a 1:1 ratio. The crystallographic data and structure refinement of W3Cl10(CH3CN)3 is 

listed in Appendix B. 

The uncharged W3Cl10(CH3CN)3 differs from the isoelectronic [W3Cl13]
3- cluster anion of 

Sn[SnCl][ W3Cl13]
50 in that it has three neutral acetonitrile molecules in the place of the three 

terminal chloride ions. The W3Cl10(CH3CN)3 structure is composed of a triangular W3 core, with 

each tungsten atom connected to five chlorides (three of which are bridging) and one acetonitrile 

molecule The conformational orientation of the methyl group accounts for two weak H···Cl 

bridges (2.88–3.11 Å) per hydrogen atom, Figure 33 on the next page. The W3Cl10(CH3CN)3 

molecules pack in stacks along the polar threefold c-axes with acetonitrile groups pointing into 

the channels between the stacks, as seen in Figure 34 on the next page. 

The interatomic distances in W3Cl10 are shown in Table 7 together with the interatomic distances 

reported for W3Cl10(Hg2Cl2)2 
51 and the charged analogue [W3Cl13]

3- in Sn[SnCl][W3Cl13].
50 The 

interatomic distances cannot be compared directly since the temperatures of the structure 

determinations differ by almost 200 K. The bond distances in W3Cl10 are 2.7488(8) Å between all 

tungsten atoms making an equilateral triangle with bond angles of 60 ⁰. The bond distances 

between the tungsten atoms and terminal chlorine atoms range from 2.360(3) to 2.371(3) Å. As 

expected, slightly longer bond distances, 2.419(3) to 2.421(3) Å for μ2 and 2.408 Å for μ3are 

found for the bridging chloride atoms. 
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Figure 33 The tungsten chloride, W3Cl10(CH3CN)3, viewed perpendicularly to the plane of the 

W3 core showing three-dimensional concatenation via hydrogen bridges.   

 

 

Figure 34 Stacking of W3Cl10(CH3CN)3 molecules. Unit cell viewed along the c-axis. Hydrogen 

atoms have been omitted for clarity. 
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Table 7 Bond distances (Å) for W3Cl10(CH3CN)3 at 100 K, W3Cl10(Hg2Cl2)2
51 at 210 K and 

Sn[SnCl][W3Cl13] at 293(3) K.50 

Bond distances (Å) W3Cl10(CH3CN)3 W3Cl10(Hg2Cl2)2 Sn[SnCl][W3Cl13] 

W–W 2.7488(8) 2.7168(12) to 2.7658(12) 2.7218(6) 

W–Cl(terminal) 2.360(3) to 2.371(3) 2.350(5) to 2.464(5) 2.384(3) to 2.476(3) 

W–Cl(μ2) 2.419(3) to 2.421(3) 2.386(5) to 2.426(5)  2.394(3) 

W–Cl(μ3) 2.408(4) 2.384(4) to 2.404(4) 2.397(3) 

W–N 2.164(10)   

 

The approach of using volatile organic co-solvent together with ionic liquids has been discussed 

by Rogers et. al. amongst others as an approach for facilitating crystallization.121 The results on 

the synthesis and crystallization of tungsten chloride W3Cl10(CH3CN)3  obtained within this work 

is support of this concept. The relatively low yield obtained from the crystallization of 

W3Cl10(CH3CN)3 might be an indication of other cluster species less prone to precipitate being 

present in solution. A solution Raman spectroscopic and EXAFS study on the reaction solution 

did not give any conclusive insights to the nature of the potential tungsten-containing species in 

solution.  

In the process of making W3Cl10(CH3CN)3, the importance of thorough sublimation of the 

starting materials WCl6 and AlCl3, as well as the solvents used in synthesis was realized. A 

numbers of aluminum- and tungsten-oxo-compounds were isolated when unsublimed starting 

materials. The most noteworthy of these oxo-clusters is that of what appears to be an Al6O8 

cluster embedded in acetonitriles and WCl4O molecules as seen in Figure 35 on the next page. In 

the structure solution, the Al6O8 cluster was found to have 24 disordered acetonitrile ligands and 

four WCl4O surrounding the cluster core. This result inspired some attempts to make aluminum 

clusters in ionic liquid reaction media. 

Aluminum clusters are generally made through high-temperature gas-condensation reactions. The 

interest in these species is mainly for the preparation of highly energetic materials. Aluminum 

clusters, such as the As13I
- have gained a lot of attention. The clusters have been shown to have 

properties similar to halogen atoms. For example, the Al13 cluster has been shown to take up 

properties similar to the halogen atoms, specifically chlorine. 122 A similar discussion on the 

possibilities of building a three dimensional periodic table of cluster compounds, where clusters 

of certain elements and sizes share properties of other elements in the periodic table, have been 

triggered by results like these. 
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In this work, some reaction attempts to reduce organic aluminum species such as diisobuthyl 

aluminium chloride, C8H18AlCl, using alkali metals in ionic liquid reaction media were made; 

however, these reaction attempts did not result in the formation of aluminum clusters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35 Left: Aluminum oxide cluster Al6O8 enclosed in acetonitriles and WCl4O molecules. 

Right:  The Al6O8 cluster core. Purple; aluminum, red; oxygen, blue; nitrogen, orange; tungsten; 

green; chlorine and gray; carbon. 
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5.2 Palladium Sandwich Compounds  

Three new palladium sandwich compounds have been obtained in this work through the reaction 

of PdCl2 and GaCl3 in different arenes. Single crystal X-ray diffraction measurements on the 

crystals obtained in synthesis proved the compounds to be [Pd2(Ga2Cl7)(C7H8)2] (1), 

[Pd2(GaCl4)(C9H12)2]∙C9H12 (2) and [Pd2(Ga2Cl7)(C6H5Cl)2] (3). Figure 36 on the next page, shows 

the molecular structure of 1, 2 and 3. Results from the structure determination of 1, 2 and 3 are 

summarized in Appendix B.  

From synthesis in toluene palladium sandwich compound; [Pd2(Ga2Cl7)2(C7H8)2] (1), was isolated 

as red/brown crystals. Polyaromatic hydrocarbons (PAHs); naphthalene, anthracene and 

biphenyl in solution with toluene were also used in synthesis in an attempt to isolate palladium 

sandwich compounds with coordinated PAHs. From these reactions only the previously know; 

[Pd2(GaCl4)2(C6H6)2], [Pd2(Ga2Cl7)2(C6H6)2], [Pd2(GaCl4)(C7H8)2] compounds were isolated.84 This 

could be an indication of the simple aromatic solvent; benzene and toluene, outcompeting or 

simply outnumbering the PAHs used in terms of their coordination to the Pd2
2+ unit. Naphtalene 

and biphenyl show good solubility in the aromatic solvents used, while anthracene generally 

shows a low solubility. Mesitylene was attempted as a solvent for naphthalene, anthracene and 

biphenyl in synthesis. From the reaction with biphenyl the mesitylene compound 

[Pd2(GaCl4)(C9H12)2]·C9H12 (2) was isolated as red/brown crystals. Mesitylene has been shown to 

form strong GaCl3 complexes in solution and to coordinate strongly to the dipalladium unit, 

causing it to decompose into Pd0 and Pd(II).84,123 This might explain why 2 was not isolated from 

mesitylene sloution, but from a mixture of mesitylene and biphenyl. The expectation of using 

chlorobenzene as solvent was that its weak base character would make it less attractive for 

coordination to the dipalladium unit and therefore make way for the PAHs to coordinate. This 

was proven not to be the case, and the [Pd2(Ga2Cl7)(C6H5Cl)2] (3) was isolated as brown/black 

needle like crystals. 
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Figure 36 The molecular structures of [Pd2(Ga2Cl7)(C7H8)2] (1), [Pd2(GaCl4)(C9H12)2]∙C9H12 (2) 

and [Pd2(Ga2Cl7)(C6H5Cl)2] (3). Hydrogen atoms have been omitted for clarity. 
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The three compounds [Pd2(Ga2Cl7)(C7H8)2] (1), [Pd2(GaCl4)(C9H12)2]∙C9H12 (2) and 

[Pd2(Ga2Cl7)(C6H5Cl)2] (3) all contain a dipalladium (Pd2
2+) unit with each of the palladium atoms 

connected to one chloride atom of the chlorogallate(III), forming a halogen bridge to gallium. 

The dipalladium core is sandwiched between two arene molecules. Each of the toluene molecules 

in compound 1 displays a η5-coordination to the two palladium atoms of the dipalladium unit. 

The methyl groups of the two toluene molecules are oriented in opposite direction, similar to 

trans arrangement. This is likely a result of packing effects rather than steric effects, since the two 

toluene molecules are well separated (4.379 Å). Compound 2 shows not only two mesitylene 

molecules coordinated to the palladium unit but a third mesitylene molecule interacting via π-

stacking (π-π interaction) with one of the coordinated mesitylene molecules. The two mesitylene 

molecules stacked on top of each other are separated by 3.9 Å. A similar structural feature has 

previously been reported for the diplatina species [Pt2(GaCl4)2(C10H8)2]∙2C6H6 containing two 

benzene molecules interacting via π-stacking with each of the two naphtalenes coordinated.84 

This occurrence might be of stabilizing nature to the coordination compound, since the number 

of π-electrons increases with the overlapping π-orbitals of the arenes. 

The coordinated mesitylene molecules in compound 2 display η4-coordination to each of the two 

palladium atoms. The mesitylene molecules are oriented in a parallel fashion, with the substituting 

methyl groups in an eclipsed conformation. In compound 3, containing chlorobenzene, much the 

same structural features as in compound 1 are observed. Each of the coordinating chlorobenzene 

ligands in 3 shows an η4-coordination rather than η5, observed in compound 1. The three 

compounds exhibit an almost linear arrangement of the Cl-Pd-Pd-Cl unit. The angles in 1 and 3 

are 175.6° and 175.8° respectively, while 2 exhibit a slightly larger deviation from linear 

arrangement with an angle of 171.5° and 172.4°, as seen in Figure 37. 

 

 

 

 

 

 

 (1)          (2)                   (3) 

Figure 37 Angles of the Cl-Pd-Pd-Cl building block of [Pd2(Ga2Cl7)(C7H8)2] (1), 

[Pd2(GaCl4)(C9H12)2]∙C9H12 (2) and [Pd2(Ga2Cl7)(C6H5Cl)2] (3). 
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The palladium-palladium bond distances in 1, 2 and 3 show agreement with expected Pd-Pd 

distances for direct palldium metal-metal bonding. Compounds 1 and 3 have Pd-Pd distances of 

2.561 Å and 2.567 Å, respectively, while the Pd-Pd distance of 2 is slightly shorter, 2.538 Å. Table 

8 lists the Pd-Pd distances of the compounds presented within this work along with some similar 

compounds previously reported for reference. Pd-Pd distances in 1, 2 and 3 were also estimated 

by quantum chemical calculations on energy optimized models of compounds 1, 2 and 3. The 

results from these calculations show the distances to be in the range 2.629-2.631 Å. These 

distances are slightly longer than those experimentally determined for 1, 2 and 3. The summarized 

results from the calculations are shown in Table 10. The palladium-carbon distances in all three 

compounds range from approximately 2.2 to 2.5 Å. It thus seems that the metal-arene distances 

in these donor-acceptor compounds do not reveal any significant change when the donor 

strength of the arene is increased going from chlorobenzene to toluene and mesitylene.  

Table 8 Palladium-palladium bond lengths in selected dipalladium-arene compounds. 

Compound Pd-Pd bond [Å] Reference 

[Pd2(GaCl4)2(C6H6)2] 2.584 84 

[Pd2(Ga2Cl7)2(C6H6)2] 2.562 84 

[Pd2(Ga2Cl7)2(C7H8)2] 2.572 84 

[Pd2(Ga2Cl7)2(C7H8)2] 2.561 Paper II  

[Pd2(Ga2Cl7)2(C6H5Cl)2] 2.567 Paper II  

[Pd2(GaCl4)2(C9H12)2]·C9H12 2.538 Paper II 

 

The synthesis of 1, 2, and 3 were performed using an excess of GaCl3. It is expected that an 

equilibrium of chlorogallate(III) anions exists in solution:  

GaCl3 + GaCl4
-  GaCl3 + Ga2Cl7

-  Ga3Cl10
- 

An excess of GaCl3 would possibly push the equilibrium towards the right favoring the larger 

chlorogallates(III); Ga2Cl7
- and Ga3Cl10

-. It has previously been suggested in the work by Allegra 

et. al. that molar excess of AlCl3 over PdCl2 (molar ration 1:1.6) would generate the 

[Pd2(Al2Cl7)2(Bz)2] compound while a 1:1 molar ratio would result in [Pd2(AlCl4)2(Bz)2].
[26, 28] In 

this work a 1:4.4 ratio of PdCl2 to GaCl3 leads to the formation of two compounds 1 and 3 with 

the Ga2Cl7
- ligand and one with the GaCl4

- ligand (2). Judging from these experimental result it 

seems that the ‘choice’ of chlorogallate(III) ligand is a matter of packing effects in the solid 

compound formed rather than on their concentrations in solution.  

The arene molecules coordinating to the dipalladium unit in 1, 2, and 3 all display a deviation of 

their substituent groups out of the aromatic plane (away from the dipalladium unit). In the Table 
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9 the definition of the deviation angle is shown and the angles observed in 1, 2 and 3 are listed. 

The methyl group of the toluene molecules in 1 displays 5.8 degree deviation in the angle α. The 

methyl groups of the mesitylene molecule are tilting approximately 6.3-8.8 degree out of the 

aromatic plane in 2.  The compound 3 with its sandwiching chlorobenzene molecules displays an 

8.4 degree deviation of the chlorine atom out of the aromatic plane. 

Table 9 Deviation angles of the substituting groups out of the aromatic plane in 1-3. 

 

Compound Deviation angle, α [o] 

[Pd2(Ga2Cl7)(C7H8)2] 6.0 
[Pd2(Ga2Cl7)(C6H5Cl)2] 8.4 
[Pd2(GaCl4)(C9H12)2]∙C9H12 6.3-8.9 

 

The deviation in angle of the substituent groups on the aromatic ring have been discussed by 

Hubig et. al. to be correlated with the degree of charge transfer from the arene donor to the 

coordinating acceptor (metal center).125 According to Hubig’s reasoning a donor-acceptor 

compound, displaying a large angle α, is expected to exhibit increasing σ-character in the 

coordination of the metal as opposed to the pure π-character of a compound with zero deviation 

angle. An increasing σ-character with increasing deviation angle of the arene substituents implies 

an increase in the charge transfer from the arene donor to the coordinating acceptor.72 

Compounds 1, 2 and 3 exhibit relatively small deviation angles and are therefore expected to 

retain a high degree of π-character. 

To further investigate the interaction between the arenes and the dipalladium unit of 1, 2 and 3 

quantum chemical calculations were performed. Two simple theoretical models were constructed 

Pd2(GaCl4)2(arene)2 and Pd2Cl2(arene)2, arene = benzene, toluene, mesitylene or chlorobenzene. 

Calculations on these model systems at hybride density functional level showed the Pd2Cl2(arene)2 

model to be most informative model because of its simplicity and ease of interpretation. Using 

the Pd2Cl2(arene)2 model the interaction energies between the arenes; benzene, touluene, 

mesitylene and chlorobenzene and the dipalladium unit Pd2
2+, were calculated to increase in the 

following order: 

Benzene, Toluene < Mesitylene < Chlorobenzene 
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The interaction energy of the arenes benzene and toluene with the Pd2
2+ unit were calculated to 

be similar, while the mesitylene interaction energy was shown to be approximately 1.5 times 

higher. Chlorobenzene shows nearly a three-fold increase in interaction energy to Pd2
2+ as 

compared to benzene. These calculated differences in interaction energy are not large enough to 

be expressed in differences in the deviation angle α. Table 10 summarizes the results from 

calculations. The interaction energies calculated are overestimations, because of the model 

simplicity completely neglecting numerous 2nd-order effects (such as solvation), but works well 

for the relative differences between the model compounds.  

Table 10 Calculated Pd-Pd bond distances, cluster breathing mode Raman frequencies and 

interaction energies for the model compound Pd2Cl2(arene)2. 

Model compounds Pd-Pd bond 
distance (Å) 

Raman frequency 
(cm-1) 

Interaction energy 
(kJ/mol) 

[PdCl2(Bz)2] 2.629 162 -15475 
[PdCl2(Tol)2] 2.629 159/176 -17955 
[PdCl2(Mes)2] 2.625 175 -22887 
[PdCl2(PhCl)2] 2.631 166 -41795 

 

Reaction routes involving ligand exchange have also been explored. However, the 

chlorogallate(III) ligands appear reluctant to undergo exchange. The prospects of synthesizing 

new palladium sandwich compounds with extended polynuclear palladium chains and larger 

coordinated PAHs using these dipalladium sandwich compounds as precursors consequently 

seems challenging. In order to use the Pd2L2(arene)2 compounds as precursors for these types of 

reactions labile ligands that are willing to undergo exchange reactions or substitution needs to be 

found.  
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6. Concluding Remarks and Outlooks on Future Work 

6.1 Remarks on this Work 

In summary, the isolation of the Bi5[GaCl4]3 salt from both dichloromethane and ionic liquids; 

[Th-Td-P+]Cl-, [Dod-Me-Im+][Cl-] and [Bu-Me-Pyrr+][Cl-] proves these reaction media to work as 

alternative solvents for the synthesis of subvalent polycation, Bi5
3+. The high solubility of the 

metal halide salts in both dichloromethane and the ionic liquids used is one, if not the main, 

reason as to why these media work well in synthesis. The use of dichloromethane introduces the 

possibility of using standard organic solvents, moving the field of cluster chemistry closer to 

mainstream organometallic chemistry. Spectroscopic evidence, from EXAFS analysis, show the 

presence of As-As bonded species in solutions from the reductive and oxidative reaction routes 

of AsCl3 respective As in Al/AlCl3-toluene. The results can be assigned to the uncharged 

tetrahedral homopolyatomic arsenic clusters, As4. 

The structural investigation by single crystal X-ray diffraction of the deltahedral Zintl cluster 

anion G9
2- in [K+(2, 2, 2-cryp)]2Ge9

2- show the closo-Ge9
2- cluster unit to be tricapped trigonal-

prismatic with a symmetry very close to D3h. A chemical bonding analysis revealed two local 

minima of the D3h symmetry. The minima of lowest energy shows good correlation with 

crystallographic data collected at collected at low-temperature (100 K). The structural 

characterization of this ordered Ge9
2- cluster, being the first reported, also adds clarity to earlier 

reports of a Ge10
2- which has been challenged as erroneous.   

The three arene-stabilized binuclear palladium sandwich compounds; Pd2(Ga2Cl7)(C7H8)2], 

[Pd2(GaCl4)(C9H12)2]∙C9H12 and [Pd2(Ga2Cl7)(C6H5Cl)2] prepared in this work adds to the family of 

known palladium sandwich compounds. The results highlight the need of extending the 

dipalladium unit in order to accommodate larger polyaromatic hydrocarbons for coordination.   

The synthesis of tungsten chloride W3Cl10(CH3CN)3 from Lewis acidic, AlCl3-[Th-Td-P+][Cl-], 

ionic liquid mixed with organic co-solvent toluene, adds insight to the potential use of ionic 

liquid/co-solvent systems for cluster synthesis. The positive effect of using organic co-solvents 

together with ionic liquid also translates to crystallization, as single crystal growth facilitated by 

the addition of organic-co solvents. 
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6.2 Outlooks on Future Work 

Of the work presented within this thesis the spectroscopic evidence of homopolyatomic arsenic 

cluster, As4, motivates further synthetic work on arsenic cluster preparation and crystallization. 

Finding ionic liquids to support cluster crystallization of the lighter Group 15 elements, might 

also be a useful task to further undertake. In terms of the result dealing with the palladium 

sandwich compounds a study on the reactivity and catalytic activity of these and similar 

compounds would be of interest. Exploiting basic ionic liquids for Zintl ion isolation were not 

attempted in this work, but might be an interesting path to explore. The isolation of an aluminum 

oxide cluster, in the process of making tungsten clusters, and the subsequent attempts to make 

aluminum clusters in ionic liquids should perhaps merely be viewed as tantalizing lead towards 

making highly energetic materials in ionic liquids. However, these results leave a thrilling path for 

further studies.  

To conclude, it might well be that ionic liquids are the solvents of the future as their impact on 

material science and synthesis of inorganic materials have been recognized. However, a greater 

understanding and more in depth characterizations and investigations of ionic liquids will be 

beneficial to any synthesis attempted in these media. Finding methods and exerting control over 

crystallization will also be key factors to success in this field. Perhaps the view of ionic liquids as 

more or less inert media needs to be questioned and so also the attractive notion of ionic liquids 

as being green solvents. Ionic liquids have made a substantial contribution to the field of cluster 

chemistry and on the whole the use of alternative reaction media such as ionic liquids will likely 

be a natural course for the future of this field. 
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Appendix A 

Table A1 Positions and assignment of Raman bands (cm-1) found in the GaCl3-ionic liquid system of the ionic liquid [Th-Td-
P+]Cl- at molar ratios 1:2, 2:1 and 1:1 of GaCl3 to ionic liquid, compared with literature data on the GaCl3-benzene and Ga-GaCl3-
benzne system.[68,69] 

GaCl3-
C6H6 

[68] 

Assign. Ga- GaCl3- 
C6H6 
[69] 

Assign. GaCl3- 
[ThTdP+]Cl- 

1:2 

Assign. GaCl3- 
[ThTdP+]Cl- 

2:1 

Assign. GaCl3- 
[ThTdP+]Cl- 

1:1 

Assign. 

463 Ga2Cl6         

413 Ga2Cl6 418 Ga2Cl7- 409 Ga2Cl7-     

393 GaCl3 394 Ga2Cl7-   393 Ga2Cl7-   

344 GaCl3 370 Ga2Cl7-and/or 
Ga3Cl10- 

370 Ga2Cl7-and/or 
Ga3Cl10- 

372 Ga2Cl7-and/or 
Ga3Cl10- 

366 Ga2Cl7-and/or 
Ga3Cl10- 

Obscure Ga2Cl6 346 GaCl4- 341 GaCl4-   343 GaCl4- 

168 Ga-C 260 Ga2Cl7-and/or 
Ga3Cl10- 

257 Ga2Cl7-and/or 
Ga3Cl10- 

    

140 GaCl3 150 GaCl4- 147 GaCl4-   148 GaCl4- 

109 Ga2Cl6         

*Saturated with gallium metal. 

Table A2 Positions and assignment of Raman bands (cm-1) found in the GaCl3-ionic liquid system of the ionic liquid [Dod-Me-
Im+]Cl- at molar ratios 1:2, 2:1 and 1:1 of GaCl3 to ionic liquid, compared with literature data on the GaCl3-benzene and Ga-
GaCl3-benzne system.[68,69] 

GaCl3-
C6H6 
[68] 

Assign. Ga- GaCl3- 
C6H6 
[69] 

Assign. GaCl3- 
[DodMeIm+]Cl- 

1:2 

Assign. GaCl3- 
[DodMeIm+]Cl- 

2:1 

Assign. GaCl3- 
[DodMeIm+]Cl- 

1:1 

Assign. 

463 Ga2Cl6         

413 Ga2Cl6 418 Ga2Cl7-       

393 GaCl3 394 Ga2Cl7- 395 Ga2Cl7-     

344 GaCl3 370 Ga2Cl7-

and/or 
Ga3Cl10- 

365 Ga2Cl7-

and/or 
Ga3Cl10- 

363 Ga2Cl7-

and/or 
Ga3Cl10- 

365 Ga2Cl7-

and/or 
Ga3Cl10- 

Obscure Ga2Cl6 346 GaCl4-   340 GaCl4-   

168 Ga-C 260 Ga2Cl7-

and/or 
Ga3Cl10- 

260 Ga2Cl7-

and/or 
Ga3Cl10- 

    

140 GaCl3 150 GaCl4- 138 GaCl4- 
and/or 
GaCl3 

147 GaCl4-   

109 Ga2Cl6         

*Saturated with gallium metal. 

Table A3 Positions and assignment of Raman bands (cm-1) found in the GaCl3-ionic liquid system of the ionic liquid [Bu-Me-
Pyrr+]Cl- at molar ratios 1:2, 2:1 and 1:1 of GaCl3 to ionic liquid, compared with literature data on the GaCl3-benzene and Ga-
GaCl3-benzne system.[68,69] 

GaCl3-
C6H6 
[68] 

Assign. Ga- GaCl3- 
C6H6 
[69] 

Assign. GaCl3- 
[BuMePyrr+]Cl- 
1:2 

Assign. GaCl3- 
[BuMePyrr+]Cl- 
2:1 

Assign. GaCl3- 
[BuMePyrr+]Cl- 
1:1 

Assign. 

463 Ga2Cl6         

413 Ga2Cl6 418 Ga2Cl7-       

393 GaCl3 394 Ga2Cl7-   392 Ga2Cl7-   

344 GaCl3 370 Ga2Cl7-

and/or 
Ga3Cl10- 

374 Ga2Cl7-

and/or 
Ga3Cl10- 

365 Ga2Cl7-

and/or 
Ga3Cl10- 

370 Ga2Cl7-

and/or 
Ga3Cl10- 

Obscure Ga2Cl6 346 GaCl4- 341 GaCl4-   341 GaCl4- 

168 Ga-C 260 Ga2Cl7-

and/or 
Ga3Cl10- 

 Ga2Cl7-

and/or 
Ga3Cl10- 

    

140 GaCl3 150 GaCl4- 151 GaCl4- 145 GaCl4- 154 GaCl4- 

109 Ga2Cl6         

*Saturated with gallium metal. 
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Appendix B 

Crystallographic data and structure refinement of the structures included in thesis. 

 Table 1 Crystallographic data and structure refinement of [Pd2(Ga2Cl7)2(C7H8)2] (1), [Pd2(GaCl4)2(C9H12)2]∙C9H12 (2), 

[Pd2(Ga2Cl7)2(C6H5Cl)2] (3).  

Compound [Pd2(Ga2Cl7)2(C7H8)2] [Pd2(GaCl4)2(C9H12)2]∙C9H12  [Pd2(Ga2Cl7)2(C6H5Cl)2] 

Sum formula C14H16Cl14Ga4Pd2 C27H36Cl8Ga2Pd2 C12 H10 Cll6 Ga4 Pd2 

Mr 1172.25 996.45 1213.14 

Lattice parameters a=916.06(9) pm a=1844.1(2) pm a=915.08(13) pm  

 b=1887.0(3) pm b=1667.1(2) pm b=1844.85(14) pm 

 c=955.30(8) pm c=2367.0(2) pm c=947.84(13) pm 

 β =97.615(8)º  β=99.00(1)° 

Space group P21/n Pbca P21/n 

Cell volume 1636.8(3)·106 pm3 7277.1(12)·106 pm3 1580.4(3)·106 pm3 

Z 4 8 2 

  16 937 35 967 9752 

Number of independent 

reflections, Rint 

3686, 0.041 6558, 0.084 3612, 0.046 

Number of L.S. parameters 155 361 154 

R1 0.030 0.070 0.046 

wR2 0.061 0.159 0.114 

S 1.11 1.16 1.08 

Residual electron density, 

peak/hole  

0.50/–0.49 0.70/–0.66 1.92/-1.95 
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Table 2 Crystallographic data and structure refinement details of W3Cl10. 

Empirical formula H9C6N3W3Cl10 

Crystal system rhombohedral, obverse hexagonal setting 

Space group R3c (no. 161) 

Temperature (K) 100(2) 

Lattice parameters (Å) a = 16.851(3), c = 12.428(2) 

Unit cell volume (Å3) 3056.2(9) 

Formula units per cell 6 

Measurement device Bruker Kappa Apex II, graphite monochromator 

Radiation Mo-Kα,  = 0.71073 Å 

Measurement range –20 ≤ h ≤ 20, –10 ≤ k ≤ 19, –8 ≤ l ≤ 14, 2 ≤ 50.69° 

Measured reflections 3006 

Unique reflections 891 

R(int) 0.036 

R() 0.035 

R1(826 Fo > 4(Fo)) 0.026 

R1(all data) 0.030 

wR2(all data) 0.063 

Inversion twin ratio 1 : 1 

Number of parameters, restrains 69, 1 

Goodness of fit 1.02 
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Table 2 Crystallographic data and structure refinement details of [K+(2,2,2-crypt)]2Ge9
2- 

 Measurement at 100K Measurement at 250 K 

Empirical formula C36H72Ge9K2N4O12 

 

Crystal system Monoclinic Trigonal 

Space group C2/c P3-c1 

Temperature (K) 100 250 

a, b, c (Å) a =20.4828(18); b=11.8105(9); 

c=22.296(3); β=91.696(10)ᵒ 

a=11.9150(6) 

 c=22.3517(15) 

V (Å3) 5391.3(10) 27481(3) 

Z 4 2 

μ(mm-1) 5.15 5.05 

Crystal size (mm) 0.14x0.11x0.08 0.14x0.11x0.08 

Measurement device XCalibur III diffractometer 

Radiation Mo-Kα radiation 

 

Measurement range   

Measured reflections 82974 49356 

Unique reflections 74672 3421 

Rint 0.154 0.153 

R[F2 _ 2σ(F2)] 0.066 0.041 

wR(F2) 0.170 0.077 

S 0.82 0.86 

Goodness of fit 1.01  

Goodness of fit (Restr) 1.01  
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Appendix C 

Table C1 Arsenic cluster cations; their optimized geometries and average bond distances. 

Cluster cation Symmetry Average distancesa (Å) Raman (cm-1) 

As3
+ D3h 2.32(0) 393 

As4 Td 2.42(0) 369 
As5

3+ D3h 2.69(41) 295 
As5

+ C4v 2.66(39) 322 
As6

4+ Oh 2.67(0) 263 
As6

2+ C2v 2.87(52) 315 
As7

5+ D5h 3.15(64) 227 
As7

3+ Cs 3.10(68) 208 
As7

+ C3v 3.00(58) 288 
As8

6+ D2d 3.41(76) 198 
As8

4+ D2d 3.19(70) 253 
As8

2+ D4d 3.10(65) 261 
As9

7+ D3h 3.57(84) 176 
As9

5+ C4v 3.35(75)c (D3h saddle point) 217 
As9

3+ Cs 3.39(82)b 211 
a Standard deviations within parentheses.  b No a true local minimum;sadle point.  
c Wrong symmetry with respect to Wade’s rules. 
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Figure C1 Model compounds (left to right, top to bottom) As4, As5
+, As5

3+, As8
2+ and As9

5+, used 
during the ab intio calculations and AIMD simulations. 

 

 

 

 

 

 

 



xiv 
 

 

 

-1.5

-1

-0.5

0

0.5

1

1.5

3 5 7 9 11 13 15

k2  
χ(

k)
 

k / Å-1 

Experimental

As4p0 1 param

r = 2.442(3) Å 

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3 5 7 9 11 13 15

k2  
χ(

k)
 

k / Å-1 

Experimental

As4 AIMD

As4 G09



xv 
 

 

 

-1.5

-1

-0.5

0

0.5

1

1.5

3 5 7 9 11 13 15

k2  
χ(

k)
 

k / Å-1 

Experimental

As5p1 AIMD

As5p1 G09

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3 5 7 9 11 13 15

k2  
χ(

k)
 

k / Å-1 

Experimental

As5p3 AIMD

As5p3 G09



xvi 
 

 

 

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3 5 7 9 11 13 15

k2  
χ(

k)
 

k / Å-1 

Experimental

As8p2 AIMD

As8p2 G09

-1.5

-1

-0.5

0

0.5

1

1.5

3 5 7 9 11 13 15

k2  
χ(

k)
 

k / Å-1 

Experimental

As9p3 AIMD

As9p3 G09



xvii 
 

 

 

Figure C2 Comparisons between experimental, ab initio optimized and AIMD-calculated EXAFS 
traces for (top to bottom) As4, As5

+, As5
3+, As8

2+, As9
3+ and As9

5+. The calculated EXAFS 

traces all have 

 = 0. 
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