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ABSTRACT 

 
 
 The main goal of this research was to explore molten salts as growth media for the 

synthesis of new materials. The molten salt systems investigated in this work were ionic 

liquids and eutectic mixtures of metal halide salts. The primary characterization methods 

included: SED-EDS, X-ray diffraction, SQUID magnetometry, Raman and solid state 

NMR. The main focus was on the magnetic and structural properties of single crystal 

phases. 

Hybrid organic/inorganic materials were synthesized from the reaction of metal 

oxides and metal powders in ionic liquids. Ionic liquid [bpyr][AlCl4] was synthesized from 

the reaction of [bpyr]Cl and AlCl3 ( 1:1 molar ratio) and used as a solvent for the growth 

of single crystals of [bpyr]4[V4O4Cl12] and [bpyr]4[Bi4Cl16] ( bpyr = 1-butylpyridinium). 

[bmim][Bi(PO2F2)4] was grown in ionic liquid [bmim][PF6] ( bmim = 1-butyl-3-methyl 

imidazolium). The structures of these hybrid compounds consist of inorganic anionic 

chains and clusters being separated by discrete organic cations. 

A eutectic mixture is a combination of two or more phases at a composition with a 

significantly lower melting point. Mixtures of CsCl and NaCl in 13: 7 molar ratio produce 

a eutectic which melts at 495 °C. The reaction of vanadium oxide, iron oxide and iron in 

CsCl/NaCl melt produced a new salt-inclusion vanadium bronze phase, Cs5FeV5O13Cl6.  

The structure of this compound consists of 1-dimensional vanadate sheets separated by 

Cs+ cations. Vanadium is in a mixed oxidation state (+4 and +5). Magnetic susceptibility 

measurements and NMR studies showed the unpaired electrons of V+4 ions to be 

delocalized. This compound appeared to order ferrimagnetically at 5K.The reaction of 

molybdenum oxide, iron oxide and molybdenum metal in CsCl/NaCl melt resulted in the 

formation of CsFeMo2O8 and an oxochloromolybdate phase, Cs2Mo0.65OCl5. CsFeMo2O8 

exhibits layered structure built of infinite slabs of MoO4 tetrahedra and FeO6 octahedra 

separated by layers of Cs+. The structure of Cs2Mo0.65OCl5 consists of isolated [MoOCl5]
- 

octahedra which are embedded in the CsCl structure. Magnetic susceptibility 

measurements showed that both compounds order antiferromagnetically with ordering 

temperature of 4.5 K for CsFeMo2O8 and 7 K for Cs2Mo0.65OCl5.  
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CHAPTER 1 

MOLTEN SALTS 
 

 
 
 

Introduction 
 
 

 
In solid state chemistry, the traditional solid state synthesis method can be a 

difficult process hampered by many limitations. Since the reactants are chosen in specific 

ratios to target specific phases, the reaction is limited by stoichiometry, which leaves few 

possibilities open for any kind of exploratory synthesis.  The reactants are ground and 

pressed into pellets, which are then heated to very high temperatures. Often, an impure 

powder is the product of such a reaction; in such cases it is necessary to complete several 

cycles of grinding, pressing and heating in order to obtain a pure product. This traditional 

synthetic method has another disadvantage; it favors thermodynamically driven products, 

which are often binary phases or simple ternary phases, which are already known. 

A more promising method for the exploratory synthesis of inorganic compounds is 

the use of molten salts as solvents. Molten salts are a powerful tool in materials synthesis 

because their wide electrochemical window allows for the production of ionic species with 

unusual valence states which would be unstable in traditional solvents. The use of molten 

salts as solvents simplifies the entire process and increases the possibility of synthesizing 

materials which are likely to have interesting optical and magnetic properties. With the 

use of an appropriate, carefully chosen flux, reactants can be dissolved at much lower 

temperatures than those typically used for solid state synthesis. These temperatures will 

favor kinetically stabilized products. Additionally, since the reaction takes place in the 

liquid state, it promotes the growth of single crystals, making the products easier to 

analyze.  Salt fluxes are also easy to remove in order to obtain the pure product. This 
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work investigated reactions in two kinds of salt fluxes: ionic liquids and eutectic metal 

halide mixtures. 

 
 
 

Ionic Liquids  

 
 
 
 

Ionic liquids (ILs) are organic salts composed of entirely ionic species, with low 

melting points of below 100 ºC, sometimes even as low as -96 ºC (Table 1.1). They are 

colorless, and many of them  have low viscosities, and are easy to handle.4 Room 

temperature ionic liquids (RTILs) are members of this class of compounds that are liquid 

at or below room temperature. The low melting point of ionic liquids is the result of the 

pairing of bulky inorganic anions with highly asymmetric and diffusely charged organic 

cations, which adversely affects the efficiency of packing in the crystal lattice.5 

The physiochemical properties of ionic liquids, which depend on the specific cation 

and anion, make them interesting alternatives to conventional organic solvents. Ionic 

liquids are made up of at least two components which can be varied (the cation and anion), 

hence a wide variety of combinations can be made which are considered as good 

solvents for a wide range of inorganic, organic and polymeric materials. They consist of 

poorly coordinating ions; they are highly polar but yet they behave as non-coordinating 

solvents in chemical reactions. Ionic liquids are hydrophobic and immiscible with a 

number of organic solvents. They are nonvolatile; therefore they can be used in 

high-vacuum systems. 

The first example of an ionic liquid was introduced by Walden et al. in 1914.6 They 

reported the synthesis of ammonium salts which were liquid at room temperature (Figure 

1.1). Later pyridinium analogues were also reported.7 The properties of these ammonium 

and pyridinium nitrate ionic liquids make them very suitable solvents for a number of 

organic reactions (Scheme 1.2) 
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Table 1.1. Melting points of some typical ionic liquids. 
 

                   
    Ionic Liquid 

 

 
       Melting point (°C) 

 
[1-butyl-3-methylimidazolium]+[PF6]

-                   6 

[1-butyl-3-methylimidazolium]+[Cl]-                 65 

[1-ethyl-3-methylimidazolium]+[Cl]-                 87 

[N-methyl-N-propylpyrrolidinium]+[BF4]
-                 70 

[Bu4N]+[BF4]
-                160 

[1-ethyl-3-methylimidazolium]+[HSO4]
-                 70 

[1-ethyl-3-methylimidazolium]+[MeCO2]
- 

[1-butylpyridinium]+[AlCl4]
- 

               -45 

                34 

 
 

 

+NH4 NO3
-

N
NO3

-
+

 

 

Figure 1.1. Examples of the first room temperature liquid organic salts. 

 

 

The promising use of aluminum(III) chloride (mp, 192 °C)  in lowering the melting 

point of inorganic salts led to the introduction of so-called haloaluminate-based ionic 

liquids by Hurley and Wiers in 1948.8 However, it was not until the 1980s that 

chloroaluminate melts received attention as useful reaction media.9 N-Alkylpyridinium 



 
 

 4 

halides combined in different proportions with aluminum halides produce a range of ionic 

liquids, some of which (with the fraction AlCl3 (or AlBr3) around 66% ) are liquids below 

room-temperature.10 Simple adjustments of the ratios of organic and inorganic salts 

produce ionic liquids with variable levels of acidity, as shown in Scheme 1.1 (acidity is 

discussed further on page 8-9). 

 

 

N

Al2Cl7
-

AlCl3 AlCl3
N

Cl- AlCl4
-

N
+

basic
strongly coordinating

+

neutral
weakly coordinating

+

acidic
non-coordinating

 

Scheme 1.1. Acid-base equilibria in a haloaluminate ionic liquid. 

 
 

Further development of ionic liquids that are fluid at room temperature focused on 

 the use of 1, 3-dialkylimidazolium cations instead of N-alkylpyridinium cations.9-11 The 

advantage of imidazolium-based ionic liquids over pyridinium-based ionic liquids is that 

imidazolium salts can be more conveniently modified. The most studied system is 

1-ethyl-3-methylimidazolium chloride-aluminum chloride, [emim]Cl-AlCl3; its phase 

diagram is shown in Figure 1.2. The low melting point illustrates that the asymmetrical 

nature of the cation is crucial.12 [n-Bupy]+ possess a mirror plane missing from [emim] +, 

which only has C1 symmetry (the ethyl group is not co-planar with the imidazolium ring) 

leading to the conclusion that the heterocyclic cation needs to be asymmetric in order for 

the salt to be liquid at room temperature.13 
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Figure 1.2. The schematic phase diagram for the [emim]Cl-AlCl3 system. 

 
 

A number of metal chlorides can be reacted with imidazolium halides. 14-16 

However, it is the haloaluminate ionic liquids that received the most attention and 

application  in various areas of organic chemistry. Several reactions representative of the 

versatility and uniqueness of haloaluminate solvents are shown in Scheme 1.2. Classic 

C-C bond forming Friedel-Crafts 17-20 and Diels-Alder 21 reactions have been successfully 

carried out in this medium (Scheme 1.2 a and 1.2 b). The ionic liquid in these reactions 

serves as both the solvent and catalyst. The ionic environment of this medium favors and 

stabilizes ionic species. This clearly explains the formation of isopropyl benzene as the 

major product in the Friedel-Crafts reaction (Scheme1.2 a). The acidity of the medium 

also plays an important role in determining the endo/exo product ratio in the Diels-Alder 

reaction (Scheme 1.2b). Fischer indole synthesis,22 a very important and versatile 

reaction for the preparation of an array of biologically active products, has also been 
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performed in ionic liquids (Scheme 1.2 c).2 

Despite the various uses of haloaluminate ionic liquids, some disadvantages limit 

their use in catalytic reactions. These ionic liquids are extremely hygroscopic mandating 

the use of inert atmosphere at every stage of their preparation and utilization. They are 

not environmentally friendly solvents and special precautions are needed to synthesize 

these salts in high purity for subsequent application. 

 
 

 

 

Scheme 1.2. Applications of haloaluminate ionic liquids in organic synthesis.2 

 
 

These problems led to the discovery and development of a new class of 

room-temperature ionic liquids which possess different anions such as tetrafluroborate, 

nitrate and acetate in 1990s.23 The combination of these anions with 

1-ethyl-3-methylimidazolium cation produced a series of novel ionic liquids (Scheme1.3). 

A number of other anions were introduced adding to the array of room temperature ionic 
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liquids, with hexafluorophosphate-based ionic liquids being one of the most widely used 

at the present time. 

 
 

 

 

 

Scheme 1.3. Anion metathesis reactions.3 

 
 

Structural variations in the cationic and anionic species play important roles in 

determining the characteristics of the ionic liquid. Hexafluorophosphate-containing ionic 

liquids are non-hygroscopic, water-immiscible solvents, whereas the corresponding 

nitrates are hygroscopic and can be mixed with water in any proportion. The physical 

state of these solvents can be controlled by fine-tuning the structure of the cation.24 The 

ability to tailor the properties of these ionic solvents continues to attract attention. A 

number of organic reactions have been performed in water- and air-stable ionic liquids, 

including oxidation,25-27 hydrogenation,28-30 and coupling reactions3, 31; however, less 

work has been done on inorganic reactions in ionic liquids. Therefore, this work 

investigated the inorganic reactions of metal oxides and metal powder in ionic liquids. 
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Synthesis of Ionic Liquids 

 
 
 

The initial step in the synthesis of ionic liquids is the reaction of an alkylamine or 

phosphate with a halide salt (quaternization reaction) to form the cation. There are two 

further basic methods that can be used in cases where the formation of the desired anion 

is not possible by the direct quaternization of amine or phosphate: acid-base 

neutralization reaction in which the halide [R'RR3]
+X- can be treated with a Lewis acid MXy. 

This reaction leads to the formation of ionic liquids of the type [R'R3N]+[MXy+1]
-. The other 

method is exchanging the halide ion for the desired anion. This can be done either by the 

metathesis reaction of the halide salt with a group 1 metal or a displacement of the halide 

ion by a strong BrØnsted acid H+[A]- (Scheme 1.4). 

Many alkylammonium halides as well as pyridinium and imidazolium halides can 

be prepared by a direct quaternization reaction. The low melting point of some 

imidazolium halides such as [emim]+Cl- ( [emim] = 1-ethyl-3-methylimidazolium) led to the 

use of salts with bigger alkyl chain substituents such as [bmim]+Cl- ( [bmim] = 

1-butyl-3-methylimidazolium), which has become more popular since they can be 

prepared under reflux conditions in conventional glassware. 

Since the initial use of imidazolium salts they have become the ionic liquids of 

choice. Among these chloroaluminate ionic liquid systems are the most popular. These 

ionic liquids can be prepared by directly mixing the imidazolium or pyridinium halide salt 

with aluminum(III) chloride. However, to form a liquid from this reaction, the imidazolium 

or pyridinium chloride and the aluminum chloride need not be mixed in 1:1 molar ratio. 

The chemical and physical properties of the resulting liquids depend on the percentage 

of aluminum(III) chloride incorporated. Chloride ion (Cl-) is a Lewis base, [Al2Cl7]
- and 

[Al3Cl10]
- are Lewis acids (Scheme 1.5). Therefore the acidity of the ionic liquid can be 

controlled by altering its composition. Ionic liquids which have X(AlCl3) greater than 50 

mole% composition are referred to as acidic, where those with X(AlCl3) less than 50 

mole% are called basic. The exact 50 mole% composition leads to neutral ionic liquids. 
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+ Metal salt M+[A]-

+ Brφnsted acid H+[A]-

NR3 + R'X [R'R3N]+X-

 Lewis acid MXy
[R'R3N]+[MXy+1]-

+

Ion exchange resin

[R'R3N]+[A]-

 
Scheme 1.4. Synthesis path for the synthesis of ionic liquids from ammonium salt. 

 

 

[Al2Cl6]

2[AlCl4]-

2[Al2Cl7]-

Cl-

Cl-

[AlCl4]-

+ [Al2Cl7]-

[Al2Cl7]- +

[Al3Cl10]- +
 

 

Scheme 1.5. Reactions of a chloride salt and aluminum(III) chloride. 
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Metal Halide Salts 

 
 
 

Although ionic liquids appear to be good medium for inorganic reactions and 

crystal growth in our work, the products of these reactions are extremely air and moisture 

sensitive, which significantly hinders their characterization. To avoid the difficulties of 

handling materials grown in ionic liquids and to further investigate the reactions of metal 

oxides in molten salts we also investigated metal halide salts as solvents for our reactions. 

 Metal halide salts have been proven to be good solvents for investigating the reaction of 

metal oxides and growth of single crystals. There is a large variety of fluxes using alkali 

and alkaline earth halides which have a wide temperature window from 300-1000 °C.  

They can dissolve a wide range of inorganic materials. They are inexpensive and easy to 

work with in terms of retrieving single crystals. Halide salt fluxes can be composed of 

either single salts such as monochlorides (CsCl, mp = 646 °C) and dichlorides (CaCl2 mp 

= 782 °C) or a lower melting eutectic mixture of salts such as CsCl/NaCl (mp = 495 °C for 

13:17 molar ratio) (Table 1.2). While salt fluxes can act as an inert flux in the formation of 

some phases such as La4Ti9Si4O30 
32 and La4Ti5Si4O22 

33 grown in BaCl2 flux, it is 

apparent that they often act as a reactive flux; the incorporation of cations and/or anions 

from the flux is regularly observed. However, the inclusion of the halide salt into the 

structure of the final product can play an important role in directing the structure, providing 

more variety in the physical and structural features of the resulting product. 
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Table 1.2. Melting points of metal halide salts and eutectics. 

 
Molten halide   Melting Point (°C) 

LiCl   605 

NaCl   801 

CsCl   646 

KCl   770 

RbCl   718 

BaCl2   960 

CaCl2   782 

BeCl2   405 

  Eutectic ratio (mmol)  

LiCl + KCl           58.8 : 41.2 625 

LiCl + CsCl          59.3 : 40.7 320 

NaCl + CsCl             33 : 67 495 

LiCl + KCl + CsCl     57.5 : 13.3 : 29.2 265 

CaCl2+ NaCl+ LiCl+ BaCl2  10.6 : 8.9 : 41.4 : 39.4 217 

 
 

 
 

Metal Halide Salts as Reactive Fluxes 

 
 

 
The first example of incorporation of an alkali-metal halide into the structure of a 

product was reported in 1997.34 The reaction of Cr, Cr2O3 and SiO2 in the presence of MX 

(MX= NaCl, NaBr, KCl, KBr) resulted in the formation of a series of chromous disilicates 

hosting alkali-metal halides in the final structure. The structure of these compounds was 

described as an expanded NaCl structure with an unusual cage structure built from 
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square planar [MIIO4] and tetrahedral units of [Si2O7]. [Cr12O24] cages in the structure of 

Cr3Si2O7.1/4MX (MX = NaCl, NaBr, KCl, KBr) can only accommodate Na+ and K+ as 

cations and Cl- and Br- as anions.34 Later the active role of halide salts was investigated 

in the flux synthesis of transition-metal phosphates and arsenates.1, 35-44 The formation of 

these complex compounds in a molten salt, and the importance of the incorporation of the 

electropositive cation from the flux into the final product structure was first shown in 1998 

Hwu et al. reported the formation of the layered MNbAsO5Cl ( M = Rb, Cs)  from the 

reaction of As2O5 and NbO2  in molten MCl ( M = Rb , Cs).1 MNbAsO5Cl was described 

as a derivative of α-NbAsO5 formed by inclusion of MCl (M = Rb, Cs) salt. It has a layered 

structure that consists of alternating NbAsO5 slabs and MCl rock salt sheets. The Nb+5 

center is coordinated to five oxygen atoms and one chlorine atom and shows a distorted 

octahedral geometry in which a short Nb-O(1) bond is in an apical position opposite to the 

long Nb-Cl bond. This structural disorder is due to the size of M+ cation (Figure 1.3). Since 

then a number of “salt-incorporated solids” of phosphates, arsenates and silicates have 

been discovered and their structural and physical properties have been investigated.41, 42, 

45, 46  The term “salt-inclusion solid” was derived to describe compounds comprised of 

metal oxide frameworks or layers encompassing clusters of  alkali/alkaline earth halides 

and in some cases ammonium halides.1, 41, 42, 45, 47 
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Figure 1.3. Unit cell of RbNbAsO5Cl along the axis showing one shorter Nb-O(1) apical 
bond and one longer Nb-Cl bond (As-O bonds are shown as double bonds).1 

 
 
 
 

Eutectic Mixtures of Metal Halide Salts 

 
 
 

A eutectic mixture is a combination of two or more phases at a composition with a 

significantly lower melting point compared to the pure phases. The first example of 

employing a eutectic mixture of metal halide salts as a solvent was reported in 1998 

where the eutectic mixture of CsCl/NaCl ( 67/33 mol%, Phase diagram shown in Figure 

1.4) was used as a flux in the synthesis of two new layered phosphates NaCsMnP2O7 and 

NaCsMn0.35Cu0.65P2O7
47. These two phases were grown from the reaction of Na2O, MnO2 

and P2O5 in CsCl/NaCl melt. It was evident that even in the eutectic mixtures the cation 

of the salt incorporates into the structure of the products. The structure of these phases is 

composed of two-dimensional metal oxide frameworks with Na+ and Cs+ cations residing 
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between the slabs of metal oxide framework.  

Further use of eutectic mixtures of halide salts was demonstrated in the synthesis 

of Na5MCu4(AsO4)4Cl2 (M = Rb, Cs) in a CsCl/NaCl melt.40 This compound also shows an 

interesting structural property. It is composed of alternating magnetic and insulating slabs 

(Figure 1.5). Eutectic mixtures of bromides have also been investigated. For example 

NaCuAsO4 is synthesized from the reaction of As2O5, CuO, CuBr2, Na2O2 and Cs2O in the 

eutectic flux of 38% NaBr and 62% CsBr.39 This compound has a unique structure and 

contains [Cu4O16]
-24 magnetic clusters interlinked through closed-shell, non-magnetic 

AsO4
-3 oxyanions to form the three-dimensional network.  

 
 

 

 
Figure 1.4. Phase diagram of CsCl/NaCl; showing a eutectic mixture at 35% NaCl. 
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Figure 1.5. Partial structure of the Cu−As−O slab in Na5MCu4(AsO4)4Cl2 ( M = Rb, 

Cs)showing tetrameric [Cu4O12]
16- cluster units interlinked by the As5+ cations.40 

 
 
 
 

Synthesis of Mixed-Valent Oxides in Metal Halide Salt Fluxes 

 
 
 
Mixed-valent transition metal oxides are of interest because of their unusual 

structural and physical properties. This family of compounds exhibits electronic 

instabilities such as superconductivity, magnetic ordering and charge density waves.33, 39, 

48-56 The conductivity of transition metal oxides depends on the degree of overlap of the 
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partially filled d-orbitals of the metal cations which form the d-bands. Early transition metal 

oxides such as TiO and VO exhibit metallic behavior due to the overlap of filled d-orbitals 

from the direct contact between metal-metal centers.57 However, in oxides of late 

transition metals, oxygen p-orbitals also contribute to the partially filled d-block bands; 

metal ions interact through M-O-M bridges and this can give rise to metallic behavior and 

delocalization of conducting electrons. This behavior is observed in cuprate 

superconductors.35, 39, 47, 58-62   

In the study of transition metal oxides, synthesis of low dimensional reduced 

phases is vital in order to investigate their anisotropic structural properties and the 

associated electronic instability. In 1992 Hwu et al. reported the use of molten halide 

fluxes as a solvent in the synthesis of single crystals of members of this family of 

compounds that could otherwise only be prepared in polycrystalline form.32 The first 

mixed-valent material synthesized in that work was La4Ti9Si4O30.
32 The single crystals of 

La4Ti9Si4O30 
33 were grown from the reaction of La2O3/Ti2O3/P2O5 (0.31:0.93:0.31 mmol) 

in a BaCl2 flux (Si was leached from the quartz tube). A series of lanthanum titanium (III/IV) 

oxosilicates were then isolated with the general formula of La4Ti5Si 4-xPxO22 (m= 0, 1). 

Mixed-valent vanadium (III/IV) analogs were also made.57, 63 This family of compounds 

possesses interesting quasi two-dimensional structures which are characterized by 

double layers of fused Ti(III/IV) octahedral slabs and they offer an opportunity for 

experimental and theoretical studies of the behavior of delocalized electrons in a confined 

lattice because of their quasi-two-dimensionality. RbCl, CaCl2 and eutectic mixture of 

NaCl/KCl have also been used in the synthesis of reduced titanium phases; for instance, 

the reaction of Ti and CaTiO3 in CaCl2 produces a reduced titanate, CaTi2O4
57, 64 

In this work ionic liquids and eutectic mixtures of metal halide salt fluxes were used 

for the growth of subvalent oxides from the reaction of metal oxides and metal powder. 

Elemental metals were used as reducing agents in our reactions.  
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CHAPTER 2 

CHARACTERIZATION METHODS 
 

 
 
 

Introduction 

 
 

 
A number of characterization techniques such as elemental analysis, single crystal 

X-ray diffraction, Raman spectroscopy, magnetic measurements and in some cases 

powder x-ray diffraction are used in order to characterize the products of the molten salt 

reactions. Flux-grown products are often in the form of crystals, which facilitates their 

characterization compared to powdered samples. The process of characterization of 

products in crystal form consists of carrying out elemental analysis measurements first 

(using SED-EDS). This indicates if products are known phases or new,  and gives a rough 

idea about the elemental composition of the crystals. Elemental analysis also indicates 

the potential presence of impurities and flux coating the crystal. This technique is a 

qualitative method and therefore it is not a sufficient enough technique to be carried out 

by itself in order to get a precise elemental ratio. However, when combined with other 

quantitative techniques, elemental analysis using EDS is a very useful technique. For 

products that appear to be new phases, single crystal X-ray diffraction is carried out to 

determine the crystal structure. If the structure possesses building blocks with potentially 

interesting magnetic, optical, or transport properties, additional characterization methods 

are employed. 
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SEM-EDS65, 66 

 
 
 
 The method used for elemental analysis is SEM-EDS (Scanning Electron 

Microscopy-Energy Dispersive Spectroscopy). The scanning electron microscope uses 

a focused high energy beam of electrons ranging from 0 kV to 40 kV to probe the surface 

of the compound being analyzed. The sample is mounted on an aluminum puck with 

carbon tape. A number of phenomena occur due to the interaction of the high energy 

beam of electrons with the sample, including the production of secondary electrons, 

backscattered electrons (BSE), diffracted BSE and photons (characteristic X-rays). 

Secondary electrons and BSE are commonly used for imaging samples. The appearance 

of the BSE image will depend on the angle of incidence and on the position and the 

energy sensitivity of the BSE detector. Therefore, the image supplied by SEM is related to 

the topology (secondary electrons) and chemical composition of the sample (BSE). 

The energy exchange between the electron beam and the sample results in the 

reflection of high-energy electrons by elastic scattering. Emission of secondary electrons 

by inelastic scattering occurs when incident electron beam interacts with an outer shell 

electron on a surface atom. Electromagnetic radiation occurs when the incident beam 

ejects core electrons, leaving vacancies. Emissions generated by the relaxation of 

higher-shell electrons to the various inner shell vacancies are a function of the target 

element and are referred to as characteristic X-rays (Figure 2.1). 

The method used to detect the characteristic X-rays for elemental analysis is EDS 

(Energy Dispersive Spectroscopy). It is attached to the scanning electron microscope and 

is used to separate the characteristic X-rays of different elements into an energy 

spectrum, and Princeton Gammatech EDS software is used to analyze the energy 

spectrum in order to determine the abundance of specific elements. 

Samples from each reaction are fixed on an aluminum SEM stub using carbon 

tape. Samples are analyzed using a 30 kV accelerating voltage and an accumulation time 

of 60 seconds. EDS analysis is a surface technique and suffers from poor energy 

http://en.wikipedia.org/wiki/Elastic_scattering
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resolution therefore it cannot properly detect elements in low abundance and is not 

reliable for detecting elements lighter than sodium. However, EDS is a useful technique 

as a semi-quantitative method for elemental analysis, yielding approximate elemental 

ratios. 
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Figure 2.1. Diagram showing the emission of photons occurs by ejection of core electrons 
followed by relaxation of electrons from outer shells, which results in emission of 

characteristic X-rays. 
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X-ray Diffraction67, 68 

 
 

 
After elemental analysis has been performed and the qualitative elemental 

composition of a crystal is obtained, X-ray diffraction was used to determine the exact 

stoichiometry and structure of the compound; both powder and single crystal diffraction 

were used in order to gather information. Single crystal diffraction was the preferred 

technique due to the high quality of single crystal products isolated using the flux growth 

technique. Powder X-ray diffraction was used in some cases. This method allows for the 

verification of known compounds and determination of known byproduct phases but 

cannot be used for the determination of new structures. Powder X-ray diffraction was 

therefore used when the quality of the crystals was not good enough for single crystal 

diffraction as well as when the products were in a powder form. 

Single crystal X-ray diffraction provides detailed information about the structure of 

crystalline substances, including unit cell dimensions, bond-lengths, bond-angles, and 

details of site-ordering. In order to check the crystallinity of the sample and to gather 

preliminary structural information, simple and quick screening techniques were performed 

using the single crystal diffractometer. Once the X-ray quality crystal was found and the 

unit cell was determined, high resolution overnight scans were collected. 

 
 

 = 2d. sin Θ (Bragg’s law) 
 
 

In X-ray diffraction, a monochromatic beam of X-rays strikes a crystal and is 

diffracted in many different directions by the arrangement of atoms within the crystal. For 

constructive interference to occur, lattices planes each described by three constants 

known as the Miller indices, h, k, l must be oriented at the Bragg angle to the incident 

X-ray beam. Therefore Bragg’s law, defining the condition for constructive interference, 

can be written as  = 2dhkl .sin θ. In the single crystal method, a 3-D sphere of diffraction 

data is obtained by holding the X-ray source in a fixed position while rotating both the 

http://en.wikipedia.org/wiki/X-ray
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detector and the crystal through a range of angles. Diffraction peaks from reflections off 

lattice planes in reciprocal space are collected by the 2-D plane of the CCD detector when 

the specific conditions of Bragg’s law are met. Moving the crystal and detector results in 

collection of hundreds of “frames” of diffraction data (Figure 2.2). 

Symmetry, space group, and unit cell parameters can be obtained by refining the 

collected frames using software packages. The basis of a single crystal X-ray diffraction 

experiment is to measure the intensities accurately for as many reflections as possible, 

and then to refine the coordinates and thermal parameters for all the atoms to fit the 

observed diffraction amplitudes. Therefore, an approximate elemental composition 

(determined by EDS) is necessary so that the software can identify atomic positions, 

occupancies and thermal parameters accurately based on the correlation of the intensity 

of the diffraction points. 

The instrument used for single crystal X-ray diffraction was a Bruker AXS SMART 

CCD diffractometer with a  Bruker APEX2 detector and a Mo-Kα radiation source. 

Accurate structure determination was carried out by first selecting a suitable single crystal 

under a microscope. Shards were cleaved using a scalpel, and the crystals were mounted 

on a glass fiber with epoxy or nail polish. The fiber was attached to an 18 mm Copper 

Crystal Cap with wax. Collections were done between 90 K and 298 K. A KRYO-FLEX low 

temperature device was used to analyze air sensitive materials and to look at possible 

phase transitions between 90 K and 298 K. The data were integrated by SAINT and was 

corrected for absorption effects using the empirical method SADABS. Space group 

assignments were done by XPREP, and structure refinement was carried out using 

SHELXTL.69 

Occasionally powdered samples or single crystal phases were analyzed for purity 

and multiple phase verification using a powder diffractometer. The data were collected 

using Rigaku CCD and KRYSTALLOFLEX powder diffractometers. The problem with this 

method is that it cannot be used for the determination of a new phase or structure and it 

requires prior structural information about the material to be entered and refined to 

account for the location and intensities of the reflections in the powder pattern. 



 
 

 22 

 

 
               Figure 2.2. Picture of intensities from single crystal rotated through incident     

X-ray beam. 
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SQUID70 
 
 
 
A Superconducting Quantum Interference Device (SQUID) is a very sensitive 

magnetometer used to measure the magnetic susceptibility of a compound.  A SQUID is 

comprised of superconducting loops which are separated by thin insolating layers to form 

two parallel Josephson junctions forming the coil. The amount of current in this coil is 

quantized. Mechanical movement of the magnetic compound through the coil induces 

quantized changes in the current. SQUID is very sensitive to small changes in the 

magnetic flux ( “change in flux“ technique) caused by the motion of a sample with small 

μeff through the ring.  

Susceptibilities are typically quoted as molar susceptibilities (χm) based on the 

magnetization per mole. The raw data acquired from SQUID are recorded as 

electromagnetic units (emu) which are proportional to the field used during the 

measurement. Therefore to convert this to molar susceptibility, the moment measured 

must be divided by the field used during the measurement (Oersted (Oe) or Gauss (G); 

these are equivalent terms) and then divided by the number of moles of the compound of 

interest. SQUID measurements that vary temperature, field, and crystal orientation 

measure the overall behavior of the compounds not that of the individual electrons.  The 

total measured susceptibility will have several contributions: 

 
 

χtotal = χCurie-Weiss + χcore diamagnetism + χPauli paramagnetism + χsample holder 

 
 
In the case of diamagnetism (no unpaired electrons), the induced magnetic 

moment opposes the field, and the susceptibility measured will be a negative value and 

usually on the order of 10-5 emu/mol and is temperature independent. If a sample 

possesses localized unpaired electrons (spins) the induced magnetic moments will align 

with the applied field (paramagnetism). Paramagnetic behavior is usually temperature 

dependent. The measured susceptibility is a positive value and is usually on the order of 
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10-2-10-3 emu/mol at room temperature. Unpaired electrons are common for compounds 

containing transition metals and rare earth elements. The spins associated with unpaired 

electrons are randomly oriented at high temperatures and align with the field as the 

temperature is lowered (Figure 2.3 (a)). Although elements contain core electrons (i.e. 

paired electrons), the paramagnetic susceptibility will dominate any diamagnetic 

contributions from the core electrons. Assigning no magnetic interactions, the molar 

susceptibility (χm) of paramagnetic ions will obey Curie’s law. 

 
 
 

χm = Nμβ2p2/3V βT = C/T   Curie Law 

 χm = C/(T - Θ )   Curie-Weiss Law 

1/χ = T/C – Θ/C                  inverse susceptibility 

 
 
 

A plot of 1/(χm) vs. T yields linear behavior for paramagnetic materials at high 

temperatures. This linear region can be fit, with the slope of this line equal to 1/C and the 

effective magnetic moment (μeff) can be determined in units of Bohr magnetons. However, 

Curie’s law cannot explain deviations from linear behavior which aris from the interactions 

of magnetic moments of unpaired electrons at low temperatures. Therefore, Weiss 

introduced the concept that the adjacent magnetic ions can interact thus producing 

coupling of electron spins (parallel or anti-parallel) yielding the Curie-Weiss law. The 

magnitude of the magnetic interactions can be determined via the Weiss constant (θ) 

using the x-intercept of the linear equation described above excluding any non-linear 

behavior. A positive Weiss constant indicates ferromagnetic interactions and a negative 

value indicates antiferromagnetic forces. Curie-Weiss behavior is observed when the 

ground state is the only state populated. However, some elements (Sm, Eu) will yield 

non-linear behavior in a 1/(χm) vs. T plot. This is due to thermal population of low lying 

excited states; this is referred to as Van-Vleck magnetism.  
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Figure 2.3. (a) Paramagnetism, (b) ferromagnetism, (c) antiferromagnetism (type I), (d) 

antiferromagnetism (type II). 
 
 
When the coupling forces between spins are strong enough to overwhelm the 

thermal energy, various types of magnetic ordering can be observed. If the interacting 

spins align parallel this situation is referred to as ferromagnetism (FM) [Fig. 2.3(b)], with 

the corresponding ordering temperature called the Curie temperature (Tc). There are two 

types of FM; weak and strong. These can often be distinguished in plots of magnetization 

vs. field commonly referred to as hysteresis loops. In weak (soft) FM the coercivity 

measured will be small where as in strong (hard) FM the coercivity will be large (Fig. 2.4). 

Coercivity is the measure of the field required to flip the spins when the field direction is 

reversed. This is indicated by the width of the hysteresis loop. 

In contrast, if the adjacent spins align anti-parallel this is referred to as 

antiferromagnetism (AFM). The temperature at which this occurs is called the Neél 

temperature (TN). Type I AFM occurs when neighboring spins align anti-parallel [Fig. 

2.3(c)], Type II AFM occurs when FM layers are oriented anti-parallel [Fig. 2.3(d)]. If a 

material possesses anisotropy, the spins may prefer to align along a certain axis. This is 

commonly referred to as the easy axis, whereas the non-preferred axis would be called 

the hard axis. This can easily be determined by orienting a single crystal with respect to 

the magnetic field; characteristic behavior is observed when the field is applied parallel or 

perpendicular to the preferred sublattice magnetization (Figure 2.4). A spin flop transition 

occurs when the applied field is strong enough to flip the spins from the easy to the hard 

axis. 
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Figure 2.4. Hysteresis measurements performed on a strong (hard) ferromagnet (left) and 

weak (soft) ferromagnet (right). 
 
 
 

A transition that occurs from one ordered state to another, such as AFM to FM, is 

called a metamagnetic transition. This can be either temperature or field induced, and are 

indicated by steps in the magnetization vs. field data. These result from a large increase in the 

magnetization with a very small increase in the applied field as expected when transitioning 

from an AFM to a FM state.  

Magnetic susceptibility data was collected on Quantum Design MPMS SQUID 

magnetometer. Crystals were first analyzed via EDS and XRD to verify the desired phase 

and then were either sandwiched in kapton tape or placed into empty gelatin capsules. 

The kapton tape or capsule was then placed into a plastic straw and affixed to the SQUID 

sample holder. Data were collected from 2 K to 300 K at various fields (100-2000 G) 

based on the amount of sample and strength of the signal.  
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Figure 2.5. Energy-level diagram for two spin states as a function of applied field B. 

 
 

NMR71 

 
 
 

Nuclear magnetic resonance (NMR) spectroscopy involves the changes in the 

energy levels of nuclei when they are in a magnetic field which cause the nuclei to absorb 

energy and radiate this energy back out upon relaxation back to the ground state. The 

resonance frequency of the nucleus depends on the strength of the magnetic field and the 

environment surrounding the atom. For magnetic fields in the common 1-10T range the 

transition between nuclear energy levels occur in the radio frequency (RF) region of the 

electromagnetic spectrum. 

The property of a nucleus known as its spin is the basis of nuclear magnetic 
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resonance spectroscopy. The value of the nuclear spin (I) has a value of n/2 and for a 

given nucleus depends upon its mass and atomic number. Isotopes having atomic and 

mass numbers that are both even have such as 12C, 28Si, 56Fe have no nuclear spins ( I 

= 0). Those with odd atomic number but even mass number (e.g. 2H, 14N) have n even, 

while those with odd mass numbers such as 1H, 13C, 19F, etc. have n odd. For some of this 

last group I = 1/2 and these are the nuclei most commonly studied by NMR. However, 

spin quantum numbers of 3/2, 5/2, 7/2 and 9/2 also occur frequently. 

The first stage of nuclear magnetic resonance spectroscopy is the determination 

of fundamental parameters, chemical shifts and coupling constants based on the line 

positions and intensities. Each chemically distinct nucleus is associated with a 

characteristic resonance frequency. The difference in screening constants is the chemical 

shift (δ) between them; shifts are normally reported relative to a standard for the isotope 

concerned. Important factors influencing chemical shift are electron density, 

electronegativity of neighboring groups and anisotropy induced magnetic field effects. A 

group of nuclei must have the same chemical shift if they are chemically equivalent. 

The essential components of an NMR instrument are a powerful magnet which 

provides a very stable magnetic field at the sample, a radiofrequency transmitter, receiver, 

and a recording device. The stability of the magnetic field is maintained by locking the field 

to the resonance frequency of a nucleus not under investigation. The deuterium 

resonance of a solvent is usually used; however this cannot be done when dealing with 

samples in a solid form. Most solids are polycrystalline, so that, in a bulk sample, the 

microcrystals and their constituents are oriented randomly with respect to the applied 

magnetic field. Under these circumstances, there will be several overlapping patterns 

producing  a broad and uninterpretable spectrum. By spinning the sample at the magic 

angle ( θ = 54.7°) with respect to the direction of the magnetic field , the broad lines 

become narrower which increases the resolution for better identification and analysis of 

the spectrum. 

The probe which is an electrical device with a sample holder is placed at the center 

of the magnetic field. The radio frequency for the nucleus being obsereved is applied to 

http://en.wikipedia.org/wiki/Electronegativity
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the sample via the transmitter coil, and at resonance a voltage is induced in the receiver 

coil. The sample tube needs to be spun in order to get optimum field homogeneity and 

finally the spectrometer must have some means of recording spectra. In our work, magic 

angle spinning (MAS) NMR data were collected on a Varian Inova 500 widebore 

spectrometer.  

 
 
 

Raman70 

 
 

 
Raman spectroscopy is a technique used to study the vibrational, rotational and 

other modes in a system. Raman phenomena occur when electromagnetic radiation 

interacts with a molecule. Interaction of the photon with a molecule yields three 

phenomena: absorption, emission and scattering. Absorption occurs if the photon energy 

corresponds to the difference between two stationary energy levels of the molecule. 

Emission is the result of the transition of a molecule in the excited state to a lower energy 

state. Scattering of radiation is an immediate effect of interaction of the photon and 

molecule when the photon energy does not correspond to the difference between any two 

stationary energy levels of the molecule. Rayleigh scattering is when the energy of the 

incident photon does not change and Raman scattering is when there is a change in 

energy (Figure 2.6). 

  The Raman phenomena involves the interaction of a molecule and a photon of 

visible light with an energy distinctly lower than the energy difference between the first 

and ground electronic levels in the molecule. The scattered light is then analyzed for 

frequency and polarization. Raman scattered light is frequency-shifted with respect to the 

excitation frequency, but the magnitude of the shift is independent of the excitation 

frequency. This "Raman shift" is therefore an intrinsic property of the sample. Because 

Raman scattered light changes in frequency, the rule of conservation of energy dictates 
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that some energy is deposited in the sample. A definite Raman shift corresponds to the 

vibrational modes of the sample (such as the energy of a free vibration of a molecule). In 

general, only some modes of a given sample are "Raman active," that is, only some may 

take part in the Raman scattering process. Hence the frequency spectrum of the Raman 

scattered light maps out part of the vibrational spectrum. Other spectroscopic techniques, 

such as IR absorption, are used to map out the non-Raman active modes. In laser Raman, 

a laser is used as a photon source due to its highly monochromic nature. It is necessary 

to use laser since the Raman effect is weak (typically Stokes lines are ~105 weaker than 

the Rayleigh scattered component).   
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Figure 2.6.Diagram showing the energy levels involved in Raman scattering and the 
difference between Rayleigh, Stokes and anti-Stokes scattering. 
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In our work Raman active vanadate and molybdate vibrational modes were of 

particular interest. The energy of these modes is characteristic of bond orders, oxidation 

state of the metal, and other surrounding ligands. Raman spectra were collected using a 

Jobin-Yvon Horiba LabRAM HR800 microRaman spectrograph with the 785 nm line of a 

TUIOptics DL 100 grating stabilized diode laser as the excitation source. Spectra were 

obtained using laser powers of 15 mW (measured at the laser, around 1.5 mW at the 

sample). The laser beam was focused onto the sample through an objective (Leica 50x, 

0.8 N.A.) which also collected the backscattered light. 
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CHAPTER 3 

IONIC LIQUIDS AS SOLVENTS AND TEMPLATES 
 
 
 
 

 
Introduction 

 
 
 

Ionic liquids have come to the forefront recently as potential environmentally 

benign solvents for organic synthesis, electrodeposition of metals, and catalysis.5, 72-79 A 

number of studies have investigated the activity of bismuth catalysts in these media.80-83 

Bismuth compounds act as Lewis acid catalysts for a variety of different organic 

transformations (Friedel-Crafts reactions, Diels-Alder reactions, Claisen rearrangements, 

etc.).83-90 Bismuth triflate is commonly used as the catalytic reagent,81, 82 although other 

bismuth compounds such as Bi2O3
83 and BiCl3

91 have also been investigated. These 

catalysts appear to have similar reactivity to the more expensive lanthanide triflates.91 

Likewise, IL solutions of vanadium oxides and related oxohalide materials are being 

explored as catalysts for oxygen transfer and dehydrogenation reactions.92, 93 An 

understanding of the nature of the catalytic species formed upon dissolution of metal 

oxide compounds in IL solvents is crucial to optimizing the activity of these systems. 

In the investigation of synthesis reactions in ionic liquids, interactions between the 

anion and cation are of great interest, since the anion and/or cation of the ionic liquid often 

become part of the product to be crystallized.94 For instance, needles of [emim]BiCl4 

(emim = 1-ethyl-3-methylimidazolium) were reported to form after multiple cycles of 

benzoylation reactions of toluene with benzoyl chloride using Bi2O3 catalyst in 

[emim][NTf2] ionic liquid.95, 96 Other [R-mim]x[MCln]y phases have been obtained by the 

reaction of the chloroaluminate ionic liquids with metal halides. It appears that ionic liquids 

are excellent media for the reaction and crystallization of new complex inorganic anions.  
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In our exploration of inorganic reactions of metal oxides in ionic liquids, we 

produced a series of unexpected organic/inorganic hybrid materials. Inorganic reactions 

of vanadium and bismuth oxide reagents in ionic liquids [bmim]PF6 (bmim = 

1-Butyl-3-methylimidazolium hexafluorophosphate) and [bpyr][AlCl4] (bpyr = 

1-Butylpyridinium) has yielded unusual anionic cluster species. Despite the important IL 

characteristic of being very difficult to crystallize (which accounts for their low melting 

point), we isolated crystals of the neat IL (1-butylpyridinium aluminum chloride) with 

careful cooling; structural characterization confirmed the presence of AlCl4
− anions. 

Reactions of inorganic oxides Bi2O3 and V2O5 in this solvent system in the presence of 

metal reducing agents produce new phases [bpyr]4[Bi4Cl16] and [bpyr]4[V4O4Cl12], 

respectively. Both compounds have structures which are comprised of inorganic 

tetrameric clusters of [BiCl4]
− or [VOCl3]

− separated by columns of [C9N2H14]
+ cations. 

Likewise, reactions of Bi2O3 in the ionic liquid [bmim]PF6 in the presence of bismuth metal 

yield in the formation of [bmim][Bi(PO2F2)]4. The structure of this compound consists of 

isolated [C8N2H15]
+ molecules stacked between the inorganic chains of [Bi(PO2F2)4]

- 

anions. 

Several reports have appeared recently describing materials grown in ILs which 

contain new inorganic cluster species, such as the 0-D octanuclear europium cluster in 

[bmpyr]6[Eu8(μ4-O)(μ3-OH)12(μ2-OTf)14(μ1-OTf)2](HOTf)1.5 and the 1-D chains of lead 

bromide in (Bmim)2PbBr4
..94, 97 Evidence of subvalent titanium species (of approximate 

stoichiometry [emim][TiCl4]) forming as intermediates during electrochemical deposition 

of this metal in ILs has also been recently observed.95, 96 Reaction of inorganic oxides ins 

ILs appears to be a promising method for generating unusual clusters, and may be a very 

useful avenue for the design of ordered nanostructured phases. 
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Experimental Procedure 

 
 
 

All reactions were performed under an inert atmosphere of nitrogen in an MBraun 

glovebox containing less than 1 ppm oxygen and water. 1-Butyl-3-methylimidazolium 

hexafluorophosphate (Iolitech, 99%), 1-butylpyridinium chloride (Iolitech, 99%) and 

anhydrous AlCl3 (Strem Chemicals, 99%) were used as purchased. Anhydrous 

vanadium(V) oxide (Fisher Chemicals, 99.5%), bismuth(III) oxide (Fisher Chemicals, 

99.5%), molybdenum(VI) oxide (Strem Chemicals, 99.9%), bismuth metal powder (Strem, 

99.5%), and indium metal powder (Strem, 99.5%) were dried in an oven at 120 °C for 2 

days before being brought into the glovebox. Solvents for NMR spectroscopy were 

degassed with nitrogen and kept over molecular sieves, NMR spectra of [bpyr][AlCl4] 

(bpyr = 1-Butylpyridinium) were recorded on a 300 MHz Bruker NMR spectrometer. 

Magnetic measurements on [bpyr]4[V4O4Cl12] were carried out with a  Quantum Design 

MPMS SQUID magnetometer at temperatures between 3 and 300 K. Crystals were first 

analyzed by XRD and then were sealed in kapton tape and placed into the magnetometer. 

Field cooled data were collected at 5000 G, and field dependence data were collected at 

3 K. 

 
Preparation of the Ionic Liquid [bpyr][AlCl4] 

Room temperature ionic liquid [bpyr][AlCl4] (bpyr = 1-butylpyridinium cation) was 

made in an N2-atmosphere glovebox by direct combination of [bpyr]Cl (3.00 g, 17.5 mmol) 

and AlCl3 (2.33 g, 17.5 mmol) in a 1:1 mol ratio. The resulting yellow solution was stirred 

under dry nitrogen overnight and then cooled to 10 °C to form clear crystals of 

[bpyr][AlCl4]. 
1H NMR of the [bpyr][AlCl4] (CDCl3, 300 MHz, δ): 0.84 (t, 3H), 1.3 (q, 2H), 

1.93 (p, 2H), 4.49 (t, 2H), 8.0 (t, 2H), 8.46 (t, 1H), 8.63 (d, 2H). 13C NMR (CDCl3): 12.85 

(s), 18.72 (s), 32.65 (s), 61.99 (s), 128.42 (s), 143.34 (s), 145.41 (s) (Figure 3.1). 
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 (a) 

 

(b) 

 

 
Figure 3.1. (a) 1H NMR spectrum for [bpyr][AlCl4] (b) 13C NMR spectrum for [bpyr][AlCl4]. 

 
 
Preparation of [bpyr]4[V4O4Cl12] 

 In an N2-atmosphere glovebox, 401 mg (2.19 mmol) of V2O5 was added to 5 mL 

of molten [bpyr][AlCl4] prepared as described above. After heating at 100 °C for 5 days, 

a dark yellow solution formed; some solid remained undissolved. To the mixture, 377 mg 
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(3.28 mmol) of indium metal was added. After heating at 100 °C for 1 week, a dark blue 

solution formed with some black solid remaining undissolved. The supernatant was 

decanted into a vial and cooled slowly to room temperature. After 20 days, small blue 

crystals of product formed which decompose rapidly upon exposure to air. 

 
Preparation of [bpyr]4[Bi4Cl16] 

 In an N2-atmosphere glovebox, 150 mg (0.82 mmol) of V2O5 and 210 mg (0.82 

mmol) of Bi2O3 were added to 5 mL of [bpyr][AlCl4] liquid prepared as described above, in 

an attempt to form clusters containing both vanadium and bismuth. After heating at 100 

°C for 5 days, a dark yellow solution formed. To the mixture, 258 mg (1.23 mmol) of 

bismuth metal was added. After heating the mixture at 100 °C for 1 week, the supernatant 

was decanted into a vial and cooled down slowly to room temperature. A mixture of blue 

crystals of [bpyr]4[V4O4Cl12] and colorless crystals of [bpyr]4[Bi4Cl16] were isolated from 

the solution after 20 days. To isolate the [bpyr]4[Bi4Cl16] product as a pure phase, the 

synthesis was repeated without V2O5 reactant. In an N2-atmosphere glovebox, 400 mg 

(0.860 mmol) of Bi2O3 was added to 5 mL of [bpyr][AlCl4]. After heating at 100 °C for 5 

days, a dark yellow solution formed. To the mixture, 269 mg (1.29 mmol) of bismuth metal 

was added. After heating the mixture at a 100 °C for 1 week, the supernatant was 

decanted into a vial and cooled down slowly to room temperature. After 20 days, small 

clear crystals of [bpyr]4[Bi4Cl16] formed which are highly air- and moisture-sensitive. 

 
Preparation of [bmim] [Bi(PO2F2)4] 

  In an N2-atmosphere glovebox, 400 mg (0.86 mmol) of Bi2O3 and 269 mg (1.29 

mmol) of Bi metal were added to 3 mL of ionic liquid, [bmim]PF6 (used as received), under 

stirring conditions at 100 °C for 5 days. After heating at 100 °C for 5 days, a dark yellow 

solution formed, the supernatant was decanted into a vial and cooled down slowly to room 

temperature. The [bmim] [Bi(PO2F2)4]   compound forms after 20 days at room 

temperature as small, clear needle like crystals. The yield of this material is very low and 

the crystals decompose rapidly upon exposure to air.  
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Raman Spectroscopy 

Raman spectra were obtained for [bpyr]4[V4O4Cl12] using a Jobin-Yvon Horiba 

LabRAM HR800 microRaman spectrograph with the 785 nm line of a TUIOptics DL 100 

grating stabilized diode laser as the excitation source. Spectra were obtained using laser 

powers of 15 mW (measured at the laser, around 1.5 mW at the sample). The laser beam 

was focused onto the sample through an objective (Leica 50x, 0.8 N.A.) which also 

collected the backscattered light. Attempts to obtain Raman data on the [bpyr]4[Bi4Cl16] 

compound were hindered by extensive fluorescence. 

  
X-ray Crystallography 

To avoid decomposition, crystals were coated with a layer of Paratone-N 

(Hampton Research), mounted on a Cryoloop (20 micron, Hampton Research) and then 

frozen immediately. The crystals were kept frozen in Paratone during crystallographic 

procedures and X-ray data collection. Single crystal X-ray diffraction data was collected 

at 170 K using a Bruker AXS SMART CCD diffractometer equipped with a Mo radiation 

source. Processing data was accomplished with use of the program SAINT; an 

absorption correction was applied to the data using the SADABS program.98 Refinement 

of the structure was performed using the SHELXTL package.69 After locating and refining 

the heavy atoms, hydrogen atoms were placed geometrically and held in the riding mode 

for the final refinement cycles. Data collection conditions and crystallographic parameters 

are listed for all three [bpyr] compounds in Table 3.1 and in Table 3.5 for [bmim] 

compound. The butyl chain carbon atom sites of one of the butylpyridinium cations in 

[bpyr]4[Bi4Cl16] show signs of splitting, indicative of slight disorder due to the flexibility of 

the butyl group. Similar disorder is seen in the crystal structure of n-butylpyridinium 

chloride.99  

 
Magnetic Susceptibility 

Magnetic measurements on [bpyr]4[V4O4Cl12] were carried out with a Quantum 

Design MPMS SQUID magnetometer at temperatures between 3 and 300 K. Crystals 

were first analyzed using EDS and single crystal XRD, then were sealed in kapton tape 
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and placed into the magnetometer. Temperature-dependent susceptibility data were 

collected at 1000 G, and field dependence data were collected at 3 K.  

 
 

 
Results and Discussion 

 
 
 

 
ILs have been extensively investigated in organic synthesis, catalysis, and 

potentiometric studies.5, 18, 72, 74-79 They also dissolve many classes of inorganic 

compounds, including oxides.100-102 Because of this, they are promising systems for the 

synthesis of new inorganic and hybrid materials; the term “ionothermal synthesis” has 

been coined to describe the synthesis of new compounds in ILs.103, 104 However, ILs are 

seldom inert solvents; many of the halide or chlorometallate anions common in ILs are 

fairly reactive toward inorganic species, and the bulky organic cation is often incorporated 

into products. When [organic cation][inorganic halide anion] is reacted with metal halide 

reactants MClx, new metal-containing ILs with metal chloride complex anions are 

observed; for instance, [imidazolium][FeCl4] can be isolated from the reaction of FeCl3 

with ImCl.105 An intriguing example of this is the excision of clusters from the extended 

solid KZr6CCl15 by dissolution in [emim][AlCl4], producing the compound 

[emim]4[Zr6CCl18].
106 When [organic cation][inorganic halide anion] reacts with 

network-forming oxide reactants such as phosphates and metal hydroxides or alkoxides,  

zeo-type structures are formed the large cation templates the formation of cages and 

networks of the oxide; the IL halide anion is not incorporated.103, 104, 107 Our reactions fall 

in between these two examples. In an attempt to synthesize subvalent oxide materials by 

reacting metal oxides with metal powders in RTILs, the chlorinating effect of AlCl3-based 

ILs and the stabilizing effect of their bulky cations became apparent. Instead of 

monomeric metal halide anions, the chlorination of the Bi2O3 and V2O5 reactants resulted 

in the formation of oligomeric cluster anions, likely facilitated by the concentrated 
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solutions and stabilized by the incorporation of the large butylpyridinium cations. 

 
Structure of the Frozen Ionic Liquid [bpyr][AlCl4]  

Single crystals of [bpyr][AlCl4] (bpyr = 1-butylpyridinium) were grown from the 

reaction of 1-butylpyridinium chloride and AlCl3 in a 1:1 molar ratio followed by slow 

cooling of the mixture below its melting point of 34 °C. The 1H and 13C NMR analysis of the 

neat IL in its molten state (Figure 3.1) is in agreement with chemical shift values published 

previously for the butylpyridinium species in this compound.108 The observed melting 

point is slightly lower than the earlier reported melting point of 37 °C.109 This may indicate 

the presence of trace impurities, possibly from contamination in the AlCl3 reactant which 

readily forms oxide or oxychloride phases if exposed to water. It was kept in a dry box, 

and powder X-ray diffraction data of this reactant did not show any additional phases. 

However, this does not preclude the possibility that small amounts of amorphous oxide 

compounds might be present which could contaminate the subsequent IL product. 

One of the aspects of this molten salt system that is of most interest is the nature 

of the anion. Mixtures of [bpyr]Cl and AlCl3 can range from acidic to basic, depending on 

the molar ratio of the two constituents. This ratio determines the nature of the anion due 

to the following equilibria: 
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Table 3.1. Crystallographic data and collection parameters for [bpyr][AlCl4], [bpyr]4[Bi4Cl16] 
and [bpyr]4[V4O4Cl12]. 

 
 [bpyr][AlCl4] [bpyr]4[Bi4Cl16] [bpyr]4[V4O4Cl12] 

formula weight (g/mol) 304.99 1947.97 1238.03 

space group P21/c Pī C2/c 

a (Å) 8.707(1) 10.918(2) 32.771(2) 

b (Å) 13.680(2) 11.249(2) 9.4505(6) 

c (Å) 12.294(2) 13.304(2) 17.507(1) 

 90° 109.460(3)° 90° 

 93.903(3)° 94.883(3)° 106.474(1)° 

Γ 90° 101.055(3)° 90° 

V (Å3) 1460.9(3) 1492.4(5) 5199.3(6) 

dcalc (g/cm3) 1.387 2.167 1.582 

Z 4 1 4 

temperature (K) 170(2) 170(2) 170(2) 

Radiation Mo Kα Mo Kα Mo Kα 

2θmax 56.62 56.82 56.62 

index ranges -11 ≤ h ≤11 

-18 ≤ k ≤18 

-16 ≤ l ≤16 

-14 ≤ h ≤14 

-15 ≤ k ≤15 

-17 ≤ l ≤17 

-43 ≤ h ≤ 43 

-12 ≤ k ≤12 

-23 ≤ l ≤ 23 

reflections collected 19679 15621 34695 

unique data/parameters 3635/147 6138/268 6481/273 

μ (mm-1) 0.841 12.502 1.354 

R1/wR2
a [I > 2σ(I)] 0.0834/0.1821 0.1008/0.1440 0.0783/0.1789 

R1/wR2 (all data) 0.1070/0.1939 0.1602/0.1607 0.0887/0.1865 

residual peaks/hole (e·Å3) 0.657/-0.259 1.793/-4.193 3.716/-0.638 

a
 R1 = ∑(|Fo| − |Fc|)/∑|Fo|; wR2 = [∑[w(Fo

2
 − Fc

2
)

2
]/∑(w|Fo|

2
)

2
]
1/ 
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“Basic” solutions in this IL system result from the combination of AlCl3 and [bpyr]Cl 

in a lower than 1:1 ratio; the dominant anions present in such mixtures are expected to be 

Cl− and AlCl4
−. In “acidic” solutions made from a ratio higher than 1:1 of these components, 

the predominant ions are expected to be AlCl4
−, Al2Cl7

−, and possibly higher order 

polynuclear ions such as Al3Cl10
−. A “neutral” 1:1 mixture such as the one used in this 

work may contain all of these anionic species, depending on the equilibrium constants. 

Previous studies using 27Al NMR experiments and Raman spectroscopy on molten 1:1 

preparations indicate AlCl4
− is the dominant anion.110-112 This is supported by our growth 

of [bpyr][AlCl4] crystals when the neat 1:1 mixture is cooled below its freezing point. 

The structure of [bpyr][AlCl4] is shown in Figure 3.2. Data collection conditions and 

crystallographic parameters are listed in Table 3.1. This compound crystallizes in the 

monoclinic space group P21/c. The unit cell of [bpyr][AlCl4] contains columns of 

butylpyridinium cations and tetrachloroaluminate anions which run along the a-axis. The 

[AlCl4]
− anion is a simple tetrahedron, with a mean Al−Cl bond length of 2.14 Å and 

Cl−Al−Cl angles in the range 106.4−111.3°. This is in good agreement with previously 

reported literature values for other AlCl4
− salts.113-116 One of the chloride sites in the anion 

is split, as is shown in Figure 3.3. The Cl4 position is 2.11(1) Å from the central aluminum 

atom and occupied 49% of the time; the Cl4A site is 2.17(2) Å from the aluminum site and 

51% occupied. The reason for the splitting may be related to the location of nearby bpyr 

groups. The Cl4/Cl4a site is roughly equidistant between the nitrogen atoms of two bpyr 

cations (Cl−N distances of 4.0−4.2 Å). The other chlorine sites are in the vicinity of only 

one bpyr group and therefore are not affected by two opposing electrostatic forces. 

 

 

http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#fig1
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Figure 3.2. Crystal structure of [bpyr][AlCl4] viewed down the a-axis showing AlCl4

- 
tetrahedra and [bpyr]+ cations. 

 
 

 

 
Figure 3.3. The disordered structure of [AlCl4]

− tetrahedra, showing the split site Cl4 and 
Cl4a atoms as open circles, centered between two bpyr cations. 
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Structure of [bpyr]4[Bi4Cl16]  
 

The crystal structure of [bpyr]4[Bi4Cl16] is shown in Figure 3.4 and crystallographic 

parameters are presented in Table 3.1. This compound crystallizes in the triclinic P space 

group and consists of the organic segment [bpyr]+ and inorganic tetrameric clusters of 

[Bi4Cl16]
4−. Two different bismuth sites, each with octahedral coordination, are distributed 

around a center of symmetry in the unit cell. The resulting four BiCl6
3− octahedra are 

edge-sharing, producing a [Bi4Cl16]
4− cluster. Each one of the bismuth sites is in a 

distorted octahedral configuration, with three short Bi−Cl bonds (2.5−2.6 Å) and three 

longer Bi−Cl bonds (2.8−3.0 Å); see Table 3.2 and Figure 3.5. Other compounds with face 

and edge sharing BiCl6 octahedra show similar distributions of bond lengths, with the 

terminal Bi−Cl bonds being shorter and the bridging Bi−Cl bonds being longer.117-123 The 

Cl-Bi-Cl angles in the octahedra range from 81−98°. Given the only slightly distorted 

geometry, this is not taken as evidence for stereoactive lone pairs on the bismuth ions. 

Many examples of condensation of BiCl6
3− octahedra to form cluster anions have 

been reported in the literature. The formation of these polynuclear anions is promoted by 

the presence of large cations; these salts are usually made from the reaction of BiCl3 with 

an organic chloride. Polymeric [BiCl4]
− anions in the form of infinite zigzag chains formed 

from edge-sharing octahedra are the most common, being found in salts with the 

diethylammonium cation, the ferricenium cation, the 

bis(ethylenedithio)tetraselenafulvalene cation, and the 1-methylimidazolium cation.120-123 

Edge-sharing octahedra are also observed in the isolated dimeric units [Bi2Cl10]
4−, in a salt 

with piperazinium cations.117 Face-sharing octahedra are a rarer occurrence; a [Bi2Cl9]
3− 

dimer formed from two face sharing octahedra is found in a salt with bipyridinium cation, 

and a trimeric linear [Bi3Cl12]
3− species is found in a salt of the 

bis(ethylenedithio)tetraselenafulvalene cation.118, 120-123 Vertex-sharing octahedra are 

observed in [(phenH2)(H2O)][BiCl5], featuring a 1-D infinite chain anion; and 

[bpyH2]4[Bi4Cl20], a salt with tetramers comprised of BiCl6 octahedra linked in a square.118 

 

http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#fig2
http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#tbl2
http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#fig3


 

 
Figure 3.4. The structure of [bpyr]4[Bi4Cl16], representing [Bi4Cl16]

4− clusters (purple) and 
[bpyr]+ cations. Viewed down the c-axis.  

 
 

Table 3.2. Selected Bond Lengths (Å) in [bpyr][Bi4Cl16]. 

 
   Bi(1)-Cl bond lengths (Å)    Bi(2)-Cl bond lengths (Å) 

Bi(1)-Cl(1) 3.057(5) Bi(2)-Cl(1) 3.045(5) 

Bi(1)-Cl(2) 2.986(5) Bi(2)-Cl(1) 3.023(5) 

Bi(1)-Cl(3) 2.927(5) Bi(2)-Cl(2) 2.685(5) 

Bi(1)-Cl(4) 2.520(6) Bi(2)-Cl(3) 2.742(5) 

Bi(1)-Cl(5) 2.524(5) Bi(2)-Cl(7) 2.509(5) 

Bi(1)-Cl(6) 2.554(5) Bi(2)-Cl(8) 2.515(5) 
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The only reported analog of the [Bi4Cl16]
4− cluster observed in our work is found in 

a compound that ironically does not contain a large organic cation. When MgCl2 and BiCl3 

are reacted in acetonitrile, the compound [Mg(MeCN)6]2[Bi4Cl16] is formed.119 The 

coordination of the Mg2+ ion by six acetonitrile groups serves to diffuse its positive charge, 

producing a larger, softer cation which may stabilize the formation of the anionic 

chlorobismuthate cluster. The bond lengths reported for the anion in this structure are 

similar to those listed for [bpyr]4[Bi4Cl16] in Table 3.2. 

The complete chlorination of the reactant Bi2O3 may be promoted by the presence 

of Bi metal in the reaction; the [bpyr][BiCl4] compound does not form without Bi reactant. 

The metal may facilitate the degradation of the Bi2O3 structure, which then allows for more 

complete attack by the AlCl4
− anions. BiOCl is a likely intermediate, and this is known to 

react with organic chlorides to form BiCl3; further chlorination would lead to formation of 

BiCl4
− anions, the structure and condensation of which would be templated by the large 

bpyr cations. 

 
 

 

 

Figure 3.5. The structure of the [Bi4Cl16]
4− tetramer, showing the octahedral environment 

around the two bismuth centers. The chlorine atoms that bridge octahedra are dark 
spheres; terminal chlorine atoms are lighter spheres. 

http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#tbl2
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Structure of [bpyr]4[V4O4Cl12] 

The reaction of V2O5 and indium metal in the ionic liquid [bpyr][AlCl4] results in the 

formation of blue crystals of [bpyr]4[V4O4Cl12] which decompose rapidly upon exposure to 

air. The structure of this compound, crystallizing in the monoclinic space group C2/c 

(Table 3.1), is presented in Figure 3.6. The butylpyridinium cations are stacked between 

the inorganic [V4O4Cl12]
4− cluster anions. The latter are tetrameric units located on 

inversion centers, formed from two different crystallographic vanadium sites. 

 
 

 

 
Figure 3.6. The unit cell of [bpyr]4[V4O4Cl12], viewed down the b-axis ( blue =vanadium, 

red = oxygen, green = chlorine). 
 
 
 

http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#fig4
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Each one of the two vanadium sites is pentacoordinated (Figure 3.7), existing in a 

square pyramidal environment, with a short bond to oxygen (1.58−1.61 Å) and bonds to 

four chlorides in a range of 2.32−2.49 Å (Table 3.3). These sites can also be viewed as 

distorted octahedra with one longer V−Cl (2.744(1) Å, 2.870(1) Å) bond and five shorter 

V−Cl (2.32−2.49 Å) bonds; the octahedra are linked by edge-sharing to form the 

tetrameric cluster. However, the longest V−Cl bond length greatly exceeds expected 

V(IV)−Cl bond lengths, so it is more accurate to define the geometry as square 

pyramidal.124  

 
 

 

 
Figure 3.7. The [V4O4Cl12]

4− tetramer shown in polyhedral form. The two vanadium sites 
are square pyramidal with one longer bond to a sixth neighbor; this distorted octahedral 

environment is demonstrated for the inner vanadium site. 
 
 
 
 
 
 
 
 

http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#fig5
http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#tbl3
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Table 3.3. Selected Bond Lengths (Å) in [bpyr]4[V4O4Cl12]. 

 
  V(1) V(2) 

V(1)-O(1) 1.612(4) V(2)-O(2) 1.581(3) 

V(1)-Cl(3) 2.396(1) V(2)-Cl(1) 2.399(1) 

V(1)-Cl(4) 2.490(1) V(2)-Cl(1) 2.410(1) 

V(1)-Cl(5) 2.520(1) V(2)-Cl(2) 2.356(1) 

V(1)-Cl(6) 2.325(1) V(2)-Cl(4) 2.398(1) 

V(1)-Cl(2) 2.870(1) V(2)-Cl(3) 2.744(1) 

 
 
The short V−O distances in the [V4O4Cl12]

4− cluster indicate the presence of 

vanadium−oxygen double bonds (V═O), which are commonly found in five- and 

six-coordinate complexes of vanadium(IV).125 This is confirmed by Raman data collected 

on a crystal of this material (Figure 3.8). Each anionic cluster has 20 atoms. However, 

viewing it as isolated [VOCl4]
- is useful in estimating  vibrational modes. The [VOCl4]

- 

anion has six atoms and therefore, 12 molecular vibrations (3n-6). Each isolated [VOCl4]
- 

ion has a C4v symmetry; a reducible representation can be obtained by applying the 

symmetry operations of the group on the Cartesian vectors of this ion. 

 
 

C4v E  2C4 C2  2σv  2σd 

Γxyz 

Unmoved 

Γtotal 

3 

6 

18 

 1 

2 

2 

-1 

2 

-2 

1 

4 

4 

  1 

  2 

  2 

 
 
This representation may then be reduced using C4v character table to give irreducible 

representation: 
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Γtotal = 4A1 + A2 + 2B1 + B2 + 5E 

 
 
From this, the translations (A1 + E) and the rotations (A2 + E) are subtracted to reveal the 

normal vibrations. 

 
 

Γvib = 3A1 + 2B1 + B2 + 3E 

 
 
Of these only A1, B2 and E are Raman active. V(IV)═O stretch has A1 symmetry and it 

should be the most intense peak in the Raman spectra of [bpyr]4[V4O4Cl12] and was the 

only Raman active mode that was observed. The A1 symmetry bond stretching frequency 

of 1028 cm−1 is in the range reported for V═O double bonds (Figure 3.8). This value is in 

between the literature data for the V═O stretch in vanadium(III) oxychloride (VOCl;  = 

1010 cm−1) and the V═O stretch in vanadium(V) oxychloride (VOCl3;  = 1035 cm−1), 

supporting its assignment as a VIVO stretch.126, 127  

 The V(IV)-O bond can also be considered to result from the interaction of V+4 and 

O-2; an orbital diagram appropriate for this interaction is given in Figure 3.9. In addition to 

the σ-donor interaction between the filled O-2 pz orbital (z is the V-O direction) and the 

empty V+4 dz
2 orbital, there are π−donor interactions between the filled px and py orbitals 

and the empty dxy and dyz orbitals. The result is the formal V═O double bond, reflected in 

the high stretching frequency at ~1028 cm-1 (Figure 3.8) 
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Figure 3.8.  Raman spectra showing V(IV) stretching at 1028 cm-1. 
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Figure 3.9. Schematic orbital diagram for the V═O bond in [VOCl3]
-. 

 
 
Magnetic susceptibility data were collected to further characterize the vanadium 

oxidation state in [bpyr]4[V4O4Cl12]; temperature dependence data is shown in Figure 3.10. 

The data were fitted using the Curie-Weiss equation. The calculated effective magnetic 

moment is lower than the ideal value of 1.73 μB for a spin-only value of d1 vanadium(IV), 

likely due to surface oxidation of the highly air sensitive material. The material shows 

paramagnetic behavior with no evidence of magnetic ordering down to 2 K. The distance 

between the vanadium ions is 3.4−3.6 Å; direct coupling is unlikely and the bridging 

chlorines do not provide any coupling mechanism sufficient to order the spins at the 

temperatures studied. 

The attempt to grow [bpyr]4[V4O4Cl12] in reactions without indium failed, which 

confirms that the presence of indium metal is required for the formation of the compound. 

As in the [bpyr]4[Bi4Cl16] case, the metal may facilitate attack on the structure of V2O5 and 

http://pubs.acs.org/doi/full/10.1021/cg800625w?prevSearch=%255Bauthor%253A%2Bmahjoor%255D&searchHistoryKey=#fig6
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reduction of V(+5) in the IL, which then leads to the formation of [bpyr]4[V4O4Cl12] crystals 

in which vanadium is in the +4 oxidation state. 
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Figure 3.10. Temperature dependence of the inverse magnetic susceptibility χm
−1 of 

[bpyr]4[V4O4Cl12]. 
 
 
 

Complete chlorination as is seen for Bi2O3 is not observed, likely due to the high 

strength and stability of the vanadium−oxygen double bond. The growth of these anionic 

clusters under the conditions explored here may indicate that comparable cluster species 

are important intermediates in electrodeposition of metals in ILs, as was evidenced 

recently by the formation of a [emim][TiCl4] byproduct during attempts at titanium 

electrodeposition in [emim]Tf2N.95, 96  

Research has been carried out on the reactivity and electrochemistry of V2O5 and 

other vanadate compounds in ILs, but the systems investigated were alkylimidazolium ILs, 
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and precipitates were not observed. Instead, the solutions were studied spectroscopically 

(IR, UV/vis, NMR) to determine the nature of the vanadium species, primarily monomeric 

complex anions. Chlorination is a common occurrence when vanadium oxides are 

dissolved in chloroaluminate ILs, with both NaVO3 and V2O5 converting to VO2Cl2
− and 

VOCl3 in solution. However, evidence of metavanadate species [(VO3)n]
n− was also 

reported for concentrated V2O5 solutions in neutral alkylimidazolium chloroaluminate 

melts, with no evidence of precipitation.128 This is not what is observed in our work, 

possibly due to our use of a different cation (bpyr) or a longer reaction time. Vanadium 

oxochloride species are also formed via deliberate addition of chlorination agents such as 

triphosgene to V2O5 in ILs, but given the strongly chlorinating behavior of the AlCl4
− anion, 

use of additional reagents does not appear to be necessary.129  

To further investigate the reaction of metal oxides in ionic liquid, we also used the 

ionic liquid, [bmim]PF6 ( bmim = 1-butyl-3-methylimidazilium), as a solvent. The reaction 

of Bi2O3 and Bi in [bmim]PF6 yielded the formation of single crystals of [bmim][Bi(PO2F2)4]; 

this compound is formed from the reaction of Bi2O3 with the [PF6]
- anion of the ionic liquid, 

[bmim]PF6.  

 
Structure of [bmim] [Bi(PO2F2)4]  

The [bmim][Bi(PO2F2)4] compound  (Figure 3.11) is obtained by the reaction  of 

Bi2O3 and Bi metal in the ionic liquid [bmim][PF6] ( bmim = 1-butyl-3-methylimidazilium). 

The attempt to grow the same [bmim] [Bi(PO2F2)4] phase from the reaction of Bi2O3 in 

[bmim]PF6 failed, which confirms that the presence of bismuth metal is required for the 

formation of this compound. Bi metal evidently facilitates the reactivity and decomposition 

of Bi2O3 and PF6
- in the ionic liquid, which then leads to the formation of 

[bmim]+[Bi(PO2F2)4]
- crystals. Substitution of Bi for other metals (such as In, Ga, Sn) was 

explored but these metals did not react in the same manner. 

The structure of [bmim][Bi(PO2F2)4] is shown in Figure 3.11. The complex 

crystallizes in the orthorhombic space group Pbcn with eight formula units in the unit cell. 

Two types of structural building blocks are present in this structure. The organic segment 

consists of isolated [C8N2H15]
+ molecules which are stacked between the inorganic 
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[Bi(PO2F2)4]
- anionic chains. The imidazolium cation ring is planar and surrounded by the 

terminal fluorine atoms of the inorganic chains (Figure 3.12). 

The inorganic segment is comprised of 1-D chains of [Bi(PO2F2)4] that run along 

the c-axis; these are separated by the imidazolium cations. Within these chains, each 

Bi(III) is coordinated by oxygen atoms contributed by four bridging tetrahedral (PO2F2)
- 

groups, with one cation of the ionic liquid to balance the charge. The local coordination 

environment around bismuth is comprised of eight oxygen atoms in a square- 

antiprismatic array; the deviation from an idealized D4d symmetry is very small (Figure 

3.13).  

  The Bi-O bond lengths range from 2.372 to 2.969 Å (Table 3.4). The average 

Bi-O distance of 2.438 Å is in good agreement with earlier reported values for eight 

coordinated Bi(III) compounds.130-133 The uniform O-O distances within the square faces 

(average 2.914 Å) and the triangular faces of the square antiprism (average 2.935 Å) also 

highlight the symmetric coordination of the bismuth site. This indicates that the lone pair 

on the Bi(III) ion is not stereochemically active in this structure.  

 
 

Table 3.4. Selected bond lengths (Å) for [bmim][Bi(PO2F2)4]. 

 
Bi(1)-O(2) 2.413(8) O(1)-O(6) 3.036(5) 

Bi(1)-O(8) 2.384(8) O(1)-O(8) 2.979(4) 

Bi(1)-O(1) 2.372(7) O(1)-O(2) 2.927(5) 

Bi(1)-O(4) 2.496(8) O(6)-O(8) 2.880(5) 

Bi(1)-O(5) 2.522(9) O(6)-O(7) 2.886(5) 

O(4)-O(1) 2.964(5) O(4)-O(7) 3.090(5) 

O(4)-O(6) 3.010(5) O(4)-O(5) 2.947(4) 
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Figure 3.11. The unit cell of [bmim][Bi(PO2F2)4] showing inorganic chains of [Bi(PO2F2)4]

- 
anions and isolated [C8N2H15]

+ cations 
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 Table 3.5. Crystallographic data and collection parameters for [bmim][Bi(PO2F2)4]. 
 

         [bmim][Bi(PO2F2)4] 

formula weight (g/mol) 5696.96  

space group Pbcn  

a (Å) 12.8390 (1)  

b (Å) 17.1611 (1)  

c (Å) 19.5646 (1)  

 90°  

 90°  

Γ 90°  

V (Å3) 4310.69 (3)  

dcalc (g/cm3) 2.195  

Z 4  

temperature (K) 170(2)  

Radiation Mo Kα  

2θmax 56.62  

index ranges -11 ≤ h ≤11 

-18 ≤ k ≤18 

-16 ≤ l ≤16 

 

 

 

reflections collected 19679  

unique data/parameters 3635/147  

μ (mm-1) 0.841  

R1/wR2
a [I > 2σ(I)] 0.0834/0.1821  

R1/wR2 (all data) 0.1070/0.1939  

residual peaks/hole (e·Å3) 2.238/-2.668  

a
 R1 = ∑(|Fo| − |Fc|)/∑|Fo|; wR2 = [∑[w(Fo

2
 − Fc

2
)

2
]/∑(w|Fo|

2
)

2
]
1



 
 

 

Figure 3.12. A fragment showing imidazolium ring flanked by inorganic chains of 
[Bi(PO2F2)4]

-. 
 
 
 

(a) 

 
(b) 

 
 

Figure 3.13. (a)  Inorganic 1-D chain of [Bi(PO2F2)4]
-, (b) The square-antiprism 

configuration of Bi(III) cation in [bmim][Bi(PO2F2)4]. 
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The bismuth sites are linked through tetrahedral PO2F2 units (Figure 3.13). One of 

the four PO2F2 tetrahedra is disordered, and is modeled as two partially occupied PF2 

components occurring at two slightly different angles; this is shown in Figure 3.14. The 

occupancies of these split units are 63%/37%. The thermal ellipsoids of the fluorine atoms 

in some of the remaining PO2F2 units indicate they may also be slightly disordered; 

refining them as split sites did not improve the R-value, however. This PF2  group disorder 

( and the floppiness of the last two carbons on the butyl chain on the bmim cation) results 

in a slightly high R-value for the structure. X-ray data were collected for several crystals 

from different reaction batches, and similar site splitting was observed for all. 

The extreme air sensitivity of this compound made further characterization difficult. 

Raman spectroscopy on crystals isolated in between quartz tubes was attempted, but a 

strong fluorescence background hindered the acquisition of a useful spectrum. 
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Figure 3.14. The disordered structure of the PO2F2 tetrahedra in the unit cell of 
[bmim][Bi(PO F ) ].2 2 4
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Synthesis in Ionic Liquids: Conclusions 
 
 
 

  
Ionic liquids appear to be a good media for the synthesis of hybrid 

organic/inorganic materials. They work both as a reactive solvent and a template. The 

reactive anion in neutral butylpyridinium chloroaluminate melts, AlCl4
-, chlorinates the 

oxides V2O5 and Bi2O3, forming very reactive and possibly catalytically important metal 

chloride or oxochloride cluster species which have been isolated in two new complex salts, 

[bpyr][V4O4Cl12] and [bpyr]4[Bi4Cl16]. The production of large anionic clusters is likely 

promoted by the presence of the large cations of the IL. [bmim][Bi(PO2F2)4] is also 

produced by the action of an active ionic liquid anion on a metal oxide. These compounds 

can be considered as potential alternatives for existing homogenous catalysts for a wide 

variety of catalytic systems. It is likely that crystalline compounds with new anionic cluster 

species may be isolated from the reactions of other oxides such as MoO3 in ILs containing 

the reactive [AlCl4]
- or [PF6]

- anions. 

Although ionic liquids appear to be good media for inorganic reactions and crystal 

growth in our work, there are some problems associated with these systems such as air 

sensitivity of products which significantly hinder their characterization, the very  low yield 

of the products and extremely slow crystallization.  
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CHAPTER 4 

SYNTHESIS OF TRANSITION METAL BRONZES IN METAL 
HALIDE EUTECTICS 

 
 

 
 

  Introduction 

 
 
 
 

Transition metal bronzes, AxMyOz (M = Ti, Nb, Mo, W, Re, V, Ta and A = H, NH4
+, 

alkali, alkaline earth, or rare earth metal), are oxide compounds containing early transition 

metals in lower than normal oxidation states.  The A cation donates its valence electron to 

the usually empty transition metal d-orbital derived conduction band. Transport and 

optical properties of bronzes therefore depend on the extent of d-orbital overlap, which 

determines the band width and the delocalization of the d electrons.  It has been 

confirmed by several experiments that the orbitals of the A cation do not contribute to the 

formation of these levels.134  Vanadium bronzes are of particular interest; vanadium can 

exhibit a number of possible oxygen coordinations such as octahedral, tetrahedral, 

trigonal, and square pyramidal. These polyhedra show a strong tendency to condense 

into layers via sharing edges or vertices through bridging oxygen atoms.135 Molybdenum 

bronzes have also gained a lot of attention due to their highly anisotropic transport 

properties, metal to semiconductor transitions driven by charge density wave formation, 

and superconductivity.136-138 In molybdenum bronze compounds the 4d orbitals have a 

radial extension intermediate between the 3d (localized) and 5d (delocalized) states, and 

as a result these materials can show complex electronic behavior.136-138 

While molybdenum and tungsten bronzes tend to be metallic, vanadium bronzes 

have narrower d-bands (due to the poorer overlap of 3d orbitals) and can vary from 
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semiconducting to metallic.139-141 In bronzes the A elements are incorporated into the 

vacancies of the MyOz oxide structure. By varying the size and concentration of A cations 

a number of AxVyOz phases with different compositions can be obtained.   

In exploration of inorganic reactions of metal-oxides and a metal powder in molten 

salts, new vanadate and molybdate compounds have been synthesized in the eutectic 

mixture of CsCl/NaCl in a 13:7 molar ratio. Reactions of inorganic oxides  V2O5 and MoO3 

in molten CsCl/NaCl in the presence of metal reducing agents produce new reduced 

phases Cs5FeV5O13Cl6, CsFeMo2O8 and Cs2Mo0.65OCl5 respectively in addition to known 

phases such as CsVCl3 ,
142 Cs2V4O11,

143 Cs2Mo5O16,
144 and Cs0.33MoO3

145. 

 
 
 

Experimental Procedure 

 
 
 

Materials 

Iron(III) oxide (Strem Chemicals, 99.8%), vanadium(V) oxide(Strem Chemicals, 

98+%), vanadium metal powder (Strem Chemicals, 99.5%), molybdenum(VI) oxide 

(Strem Chemicals, 99.9%), molybdenum metal powder ( Strem Chemicals, 99.9%), iron 

metal powder (Strem Chemicals, 99.9%), cesium chloride (Alfa-Aesar, 99.9%)  and NaCl 

(Fisher Chemicals, 99.9%) were used as received without further purification. 

 
Synthesis of Cs5FeV5O13Cl6

 V2O5 (0.364 g, 2.00 mmol), Fe2O3 (0.160 g, 1.00 mmol) and vanadium powder 

(0.0255 g, 0.500 mmol) were combined with an amount of CsCl/NaCl eutectic flux equal 

to two times the mass of the reactants. The mixture was ground to a fine powder and 

placed in a fused silica tube.  In order to dry the reactants and flux, the charged fused 

silica tube was placed in an oven and kept at 120 °C for two days before sealing under a 

vacuum of 1 x 10-2 Torr.  The charged ampule was then heated to 650 °C in 3h, cooled to 

600 °C in 2h, held at 600 °C for 48 h, cooled to 480 °C in 48 h and finally cooled to room 
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temperature in 12h.  Single crystals of Cs5FeV5O13Cl6 were isolated by washing the 

product with deionized water using suction filtration.  

 
Synthesis of CsFeMo2O8 and Cs2Mo0.65OCl5

 MoO3 (0.288 g, 2.00 mmol), Fe2O3 (0.160 g, 1.00 mmol) and Mo powder (0.0480 

g, 0.500 mmol) were combined with a CsCl/NaCl eutectic equal to 1.5 times the mass of 

the reactants. The mixture was ground to a fine powder and placed in a fused silica tube. 

In order to dry the reactants and flux, the charged fused silica tube was placed in an oven 

and kept at 120 °C for two days before sealing under a vacuum of 1 x 10-2 Torr. This 

ampule was then heated to 650 °C in 3 h, cooled to 600 °C in 2 h, held at 600 °C for 48 

h, cooled to 480 °C in 48 h and finally cooled to room temperature in 12h. Yellow single 

crystals of CsFeMo2O8 and orange needle like single crystals of Cs2Mo0.65OCl5 were 

retrieved by washing the product with deionized water using suction filtration. 

 
Elemental analysis 

Elemental analysis was performed on the crystals using a JEOL 5900 scanning 

electron microscope (SEM) with energy-dispersive spectroscopy (EDS) capabilities. The 

crystals were mounted on carbon tape and analyzed using a 30 kV accelerating voltage 

and an accumulation time of 20-30 s. Several crystals were analyzed to yield an average 

metallic ratio of Cs5Fe1V5, CsFeMo2 and Cs2Mo which is consistent with the X-ray data. 

The presence of oxygen (for Cs5FeV5O13Cl6, CsFeMo2O8 and Cs2Mo0.65OCl5) and 

chlorine (for Cs2Mo0.65OCl5) were also indicated; however, the molar ratios were not 

reliable. 

 
Raman Spectroscopy   

Raman spectra were obtained for Cs5FeV5O13Cl6, CsFeMo2O8 and Cs2Mo0.65OCl5 

using a Jobin-Yvon Horiba LabRAM HR800 microRaman spectrograph with the 785 nm 

line of a TUIOptics DL 100 grating stabilized diode laser as the excitation source. Spectra 

were obtained using laser power of 15 mW (measured at the laser, around 1.5 m W at the 

sample). The laser beam was focused onto the sample through an objective (Leica 50x, 
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0.8 N. A.) which also collected the backscattered light. 

Single Crystal and Powder XRD Measurements 

  Samples for X-ray diffraction were selected from the SEM plate after elemental 

analysis. The crystals were mounted on glass fibers for diffraction studies. Single crystal 

X-ray diffraction data were collected at room temperature using a Bruker AXS SMART 

CCD diffractometer equipped with a Mo radiation source. Processing of the data was 

accomplished with the use of the program SAINT;97 an absorption correction was applied 

to the data using the SADABS program.98 Refinement of the structure was performed 

using the SHELXTL package.146 The crystallographic data and atomic coordinates for 

Cs5FeV5O13Cl6, CsFeMo2O8 and Cs2Mo0.65OCl5 are summarized in Table 4.1- 4.3 and 

Table 4.5. Powder X-ray diffraction data was collected on the bulk sample to determine 

the byproducts of the reactions. Samples were analyzed using a Rigaku Ultima III powder 

diffractometer. The MDI JADE 7.0 X-ray pattern data processing software was used to 

determine which phases were present and to calculate cell parameters. 

 
Nuclear Magnetic Resonance  

51V magic angle spinning (MAS) NMR data were collected on Cs5FeV5O13Cl6 using 

a Varian Inova 500 widebore spectrometer. Crystals of Cs5FeV5O13Cl6 were first analyzed 

by EDS and then ground to a fine powder which was then packed into a 4 mm zirconia 

rotor sealed with airtight screwcaps. The external reference used for 51V (I = 7/2, 99.76% 

abundant) was V2O5. Data was collected at room temperature and a spinning rate of 8 

kHz, using a one-pulse sequence (pulse length 5μs and relaxation delay 500 ms). 

 

Magnetic Susceptibility 

Magnetic measurements were carried out with a Quantum Design MPMS SQUID 

magnetometer at temperatures between 3 and 300 K. Crystals were first analyzed using 

EDS and single crystal XRD, then were sealed in kapton tape and placed into the 

magnetometer. Temperature-dependent susceptibility data were collected at 100 G, and 

field dependence data were collected at 3 K. 
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Table 4.1. Crystallographic data for Cs5FeV5O13Cl6, CsFeMo2O8 and Cs2Mo0.65OCl5 

phases. 
 

chemical formula Cs5FeV5O13Cl6 CsFeMo2O8 Cs2Mo0.65OCl5

fw (g/mol) 1390.72 1040.19 2220 

space group P4/nmm P-3 Cmcm 

a (Å) 10.9427(3) 5.6179(4) 7.4344(15) 

c (Å) 10.5352(4) 5.6179(4) 17.3303(4) 

V (Å)3 1261.5(8) 8.0715(6) 8.0741(16) 

dcalcd (g/cm3) 3.67 4.093 4.342 

Z 2 2 4 

T (K) 298 298 298 

radiation Mo Kα Mo Kα Mo Kα 

2θmax 56.83 56.36 49.60 

reflections (total) 15742 2489 4792 

μ (mm-1) 6.69 8.79 12.05 

R1/wR2 (1>4σ(F°)) 0.0340/0.0709 0.0315/0.0798 0.0162/0.0352 

R1/wR2
a (all data) 0.0418/0.0741 0.0327/0.0804 0.0211/0.0368 

residual peak/hole (e-/Å3) 1.26/-1.99 1.537/-1.089 0.660/-0.405 

a R1 = ∑(|Fo| − |Fc|)/∑|Fo|; wR2 = [∑[w(Fo
2 − Fc

2)2]/∑(w|Fo|
2)2]1/2 
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Table 4.2. Atomic coordinates and isotropic thermal parameters (Ueq
a) for Cs5FeV5O13Cl6. 

 

Atom Wyckoff site x y z Ueq(Å2) 

Cs1 2c 0.5133(1) 0.9867(1) 0.2812(1) 0.0026(1) 

Cs2 8j 1/4 1/4 0.3517(1) 0.0023(1) 

V1 8i 0.5264(1) 1/4 0.0110(1) 0.0012(1) 

V2 2c 3/4 3/4 0. 1497(2) 0.0014(1) 

Fe1 2b 1/4 3/4 1/2 0.0018(1) 

O1 2c 0. 6138(4) 0. 1138(4) 0 0.0023(1) 

O2 8i 3/4 3/4 0. 3247(10) 0.0015(2) 

O3 8i 0.4524(6) 1/4 0. 1432(6) 0.0030(1) 

O4 8g 0. 4234(5) 1/4 0. 8912(5) 0.0022(1) 

Cl1 8i 0. 4705(2) 3/4 0. 5050(2) 0.0026(1) 

Cl2 4f 1/4 3/4 0. 2740(3) 0.0032(1) 

a  U  is defined as one third of  the trace of the orthogonalized U  tensor. eq
ij

 

Table 4.3.  Atomic coordinates and isotropic thermal parameters (Ueq
a) for CsFeMo2O8. 

 

Atom Wyckoff site x y z Ueq(Å2) 

Cs1 1a 0 0 0 0.0021(1) 

Mo1 2d 1/3 2/3 0.71070(1) 0.0011(1) 

Fe1 1b 0 0 0.5 0.0011(1) 

O1 6g 0. 3238(11) 0. 2048(14) 0.3547(7) 0.0037(2) 

O2 2d 2/3 1/3 0. 0758(11) 0.0022(2) 

a  Ueq is defined as one third of  the trace of the orthogonalized Uij tensor.
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Results and Discussion 

The chemistry of transition metal oxides has been extensively studied. Layered 

vanadate compounds are of great interest due to their potential application in catalysis, 

batteries and magnetism.147-150 Vanadium can adopt different oxidation states and 

several different coordination modes; as a result, layered vanadates exhibit a large 

amount of structural versatility.135  Salt flux synthesis appears to be a promising technique 

for growth of layered vanadates. However, molten metal halides do not behave as inert 

solvents. An intriguing example of this is the series of salt-inclusion vanadate hybrids with 

the general formula [(AX)2Mn(VO3)2] (A/X = Cs/Cl, Cs/Br, Rb/Cl) and [(CsCl)Mn2V2O7] 

synthesized from the reaction of metal oxide in AX and CsCl/NaCl eutectic, respectively.42 

Vanadium holds a +5 oxidation state in all these compounds. Hybrid reduced layered 

vanadates such as M(bipyridine)V4O10 (M = Cu, Ag) have been synthesized using 

hydrothermal methods with a nitrogenous base (bipyridine) acting as the reducing 

agent.151 These compounds have partially reduced vanadate layers linked by organic 

cations and they exhibit interesting magnetic properties such as spin ladder formation.151, 

152 The new vanadate compound synthesized in this work (Cs5FeV5O13Cl6) falls between 

these two classes of vanadates. It is comprised of reduced vanadate layers separated by 

occluded slabs of Cs3FeCl6 salt. 

The 13:7 molar ratio of CsCl and NaCl forms a eutectic which melts at 495 ºC.  The 

reaction of V2O5, Fe2O3 and vanadium metal in the CsCl/NaCl melt resulted in the 

formation of Cs5FeV5O13Cl6, in addition to known ternary phases such as CsVCl3
142 and 

Cs2V4O11.
143  Cs5FeV5O13Cl6 grows as dark plate-like crystals with metallic shine which 

do not decompose upon exposure to air, although they are somewhat sensitive to water. 

 Cs5FeV5O13Cl6 crystals can also be grown from the reaction of V2O5, BaFe12O19 and iron 

metal in CsCl/NaCl flux which confirms that the presence of a metal (V or Fe) acts as a 

reducing agent and is required for the formation of the product.  

The reaction of MoO3, Fe2O3 and molybdenum metal in CsCl/NaCl melt resulted in 

the formation of two new phases; yellow CsFeMo2O8 and an oxochloromolybdate 

Cs2Mo0.65OCl5 in addition to known ternary phases Cs0.33MoO3 and Cs2Mo5O16. 
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CsFeMo2O8 grow as yellow shiny reflective crystals and Cs2Mo0.65OCl5 as clear orange 

crystals with a needle shape. The mechanism of this type of reaction is not known, but it 

can be surmised that the metal oxides (V2O5, Fe2O3, BaFe12O19 and MoO3) dissolve in the 

CsCl/NaCl melt; the metal powder (Fe, V or Mo) facilitates the reduction of the vanadium 

and molybdenum which subsequently leads to the formation of the Cs5FeV5O13Cl6, 

CsFeMo2O8 and Cs2Mo0.65OCl5 phases.  Similar flux reactions of vanadium metal and 

V2O5 in the absence of a source of iron lead to formation of powdered vanadium 

suboxides such as V2O3 and VO0.53.  The attempt to synthesize Cs5FeV5O13Cl6, 

CsFeMo2O8 and Cs2Mo0.65OCl5 from stoichiometric reactions failed, indicating these 

phases are metastable and flux synthesis is required for their isolation.  

 
 

Structure of Cs5FeV5O13Cl6  

The crystal structure of Cs5FeV5O13Cl6 is shown in Figure 4.1. This compound 

crystallizes in the tetragonal P4/nmm space group and exhibits a novel 2-D structure 

comprised of puckered vanadate layers, [V5O13]
-2, stacked in an eclipsed fashion along 

the c-axis and separated by [FeCl6]
3- octahedra and Cs+ cations.  The octahedra contain 

four longer Fe-Cl bonds of 2.4137(2) Å and two shorter apical Fe-Cl bonds of 2.3806(3) 

Å.  These bond distances are in the range expected for a Fe(III)-Cl bond, indicating a +3 

oxidation state for the iron cation.153, 154  Each face of the octahedron is capped by a 

cesium cation; these cations are also coordinated by oxygen atoms capping the vanadate 

layer.   

The vanadate layer, shown in Figure 4.2, consists of corner sharing tetrahedral 

VO4 and square pyramidal VO5 units (shown as green and red polyhedra) which are 

connected via bridging oxygen atoms.  There are two unique vanadium sites in the crystal 

structure of Cs5FeV5O13Cl6. V1 is in the +5 oxidation state and is tetrahedrally coordinated 

to four oxygen atoms with two shorter V-O bonds at a distance of ~1.6115-1.6920 Å and 

two longer V-O bonds of 1.7746(1) Å (Table 4.5).  V2 is in +4 oxidation state and is 

coordinated to five oxygen atoms in a square pyramidal configuration with one short 

apical V-O bond at a distance of 1.8440(1) Å and four longer basal V-O bonds at a 
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distance of 1.9458(5) Å (Table 4.4).  Other layered vanadate structures show similar V-O 

distances.42, 135 The assigned oxidation states agree with the observed bondlengths (the 

V5+ site having shorter V-O bonds than the V4+ site); they also result in a suitable charge 

balance for the compound (Cs5(Fe3+)(V4+)(V5+)4O13Cl6).  Calculated bond valence sums 

using the SPuDS ( Structure Prediction Diagnostic Software) V2.09.02.08 indicate 

oxidation states of +5.18 for V1 and +3.62 for V2.155, 156  (Bond Valence sum is a method 

to estimate the oxidation states of atoms. In this method a crystal structure is described 

as net with the atoms as nodes and the bond connecting the nodes. The bond valence 

sum is a function of bond distances. The strength of each bond connecting the atoms is 

the amount which each atom contributes to the valence of the central atom). 

  Raman data collected on a single crystal of Cs5FeV5O13Cl6 contains an intense 

peak at 890.3 cm-1 which corresponds to the terminal (V=O) stretching mode of the 

tetrahedral V5+O4 units; this bond length is 1.6115(6)Å, which should produce a Raman 

mode of around 900 cm-1.157 Weaker Raman peaks appear in the range of 615-770 cm-1, 

likely corresponding to V-O stretching and bending mode of bridging oxygen atoms 

(Figure 4.3).157 

In the vanadate sheets, the reduced VO5 square pyramids are structurally isolated 

from each other and connected to VO4 tetrahedra through bridging oxygen atoms.  The 

disparity in the bond lengths around the two vanadium sites and the large difference in 

resulting bond valence sums indicate localization of the d-electrons on the V4+ sites.  

However, the metallic shine of the crystals suggests the delocalization of the electrons 

across the entire vanadate layer.  Since the crystals are too small to allow for resistivity 

measurements, magnetic susceptibility and 51V NMR data were collected to gain further 

information on the electronic properties of this system.  

 
  

 



 
 

Figure 4.1. Unit cell of Cs5FeV5O13Cl6, viewed down the a-axis, showing the 
vanadate layer (red and green polyhedra) separated by [FeCl6]

- octahedra and cesium 
cations (blue). 
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(a)  (b) 

 
Figure 4.2. (a) Vanadate layers of Cs5FeV5O13Cl6, viewed down the c-axis. Pink 

polyhedra = V(IV)O5, green polyhedra = V(V)O4, and red = oxygen. (b) [FeCl6]
- octahedron. 
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Figure 4.3. Raman spectra of Cs5FeV5O13Cl6, showing an intense V+5═O stretching mode 
at 890.3 cm-1. 
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Table 4.4. Selected Bond Lengths (Å) for Cs5FeV5O13Cl6. 

Bond Length (Å) 

V(1)-O(2) × 1 1.6115(6) 

V(1)-O(3) × 1 1.6920(5) 

V(1)-O(4) × 2 1.7746(1) 

V(2)-O(1) × 1 1.8440(1) 

V(2)-O(3) × 4 1.9458(5) 

Fe-Cl(1) × 2 2.3806(3) 

Fe-Cl(2) × 2 2.4137(2) 

 
 
 
Magnetic Susceptibility Measurements 

There are two potentially paramagnetic ions in Cs5FeV5O13Cl6; Fe+3 and V+4.  

However, overlap of the d-orbitals of vanadium may result in band formation, allowing the 

unpaired electron on the V4+ ions to be delocalized.  If this is the case, only the electrons 

on the iron ions will behave as localized paramagnets; the delocalized electrons in the 

vanadate layers will contribute a small temperature independent Pauli paramagnetism to 

the susceptibility.  Temperature dependence of the inverse susceptibility is shown in 

Figure 4.4.  The material shows Curie-Weiss behavior at high temperatures; however, it 

appears to order ferrimagnetically at temperatures below 5K. Fitting the inverse 

susceptibility data to the Curie-Weiss equation yields a Curie constant C = 3.55 emu·mol-1 

K and a Weiss constant θ = -5.88 K. The magnitude of Weiss constant is in agreement 

with the observed transition at 5 K. However, the sign may indicate antiferromegnetic 

coupling between inequivalent magnetic sublattices, leading to overall ferromagnetic 

behavior (Figure 4.5). From the Curie constant, the calculated effective magnetic moment 

per formula unit is equal to 5.35 μB which is in agreement with the expected spin only 

value for high spin Fe+3 (theoretical value 5.9 μB). The magnetization versus magnetic 

field at 2 K (Figure 4.6) for Cs5FeV5O13Cl6 shows an S-shape, and no saturation is 



reached at the highest magnetic filed measured (6T). Also, it does not show 

metamagnetic transitions or any hysteresis. The V4+ ions are clearly not contributing 

significantly to the magnetic moment at higher temperatures; this indicates their electrons 

are delocalized. However, the observed transition at 5 K may be due to either coupling of 

the unpaired electrons located on iron(III) centers or the localization of the unpaired 

electron of V+4. Further low temperature structural and magnetic measurements are 

necessary to explain the origin of the observed transition. 
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Figure 4.4. Temperature dependence of the inverse susceptibility of Cs5FeV5O13Cl6 
showing Curie-Weiss behavior at high temperatures and ferrimagnetic transition at 5 K. 

Inset shows the low temperature data. 
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Figure 4.5. Temperature dependence of χm�T vs T of Cs5FeV5O13Cl6 showing the 

localization of unpaired electron of V+4 at temperatures below 50 K and ferromagnetic 
transition at 5 K.  
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Figure 4.6. The magnetization versus field for Cs5FeV5O13Cl6; data collected at 2 K. 
 
 
NMR Studies 
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NMR measurements were carried out to further investigate the electronic 

properties of the Cs5FeV5O13Cl6 material.  The 51V isotropic chemical shift observed for 

the compound (referenced to V2O5 at 0 ppm) appears at 5170 ppm (Figure 4.7).  There 

are two non-equivalent vanadium sites in the crystal structure; tetrahedral V+5 and square 

pyramidal V+4.  These two vanadium sites should lead to two peaks in the 51V NMR 

spectrum.  However, only one peak is observed.  This is possibly due to peak broadening 

from the large quadrapole moment of the vanadium nucleus; if the chemical shifts of the 

two peaks are similar, they may overlap and be difficult to distinguish. Another possibility 

is that one of the peaks might be extensively broadened due to the fast relaxation caused 

by the delocalized electron in the vanadate layer and the presence of a nearby Fe+3 



paramagnetic ion, and might not be evident in the spectrum.  
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Figure 4.7. 51V MAS-NMR spectrum for Cs5FeV5O13Cl6. Spinning side bands are 
marked with asterisks. 

 
 
The magnitude of the isotropic chemical shift for Cs5FeV5O13Cl6 is much larger 

than the negative values or small positive values seen for ionic vanadium  such as  

(C10H10N2)[(VO2)4(PO4)2] (~ 590 ppm) 158 and V2S4(S2COEt)4 (70 ppm)159 and is closer to 

the chemical shift of vanadium metal (5200 ppm) 159  suggesting a metallic nature for this 

compound. The interaction of conduction electrons with an applied magnetic field 
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produces an extra effective field on the nuclear magnetic moment, resulting in a large 

paramagnetic shift called the Knight shift.160  Previously  observed isotropic chemical 

shifts for vanadium bronzes fall in the range of -435 ppm for Ag0.35V2O5 to 2120 ppm for 

Ca0.3V2O5.
159 The isotropic chemical shift of 5170 ppm is at much lower field than 

expected for vanadium bronzes. In addition to the effects of conduction electrons, the 

presence of localized electrons on nearby Fe+3 ions may also contribute to the shift. In 

combination with the magnetic susceptibility data, this indicates that the electrons on the 

V4+ ions are delocalized throughout the vanadate layers.  

 
Structure of CsFeMo2O8

The crystal structure of CsFeMo2O8 is shown in Figure 4.8. This compound 

crystallizes in the hexagonal P6/mmm space group. CsFeMo2O8 exhibits a layered 

structure built of infinite slabs of MoO4 tetrahedra and FeO6 octahedra separated by 

layers of Cs+ cations as shown in figure 4.8. The oxide layer is shown in Figure 4.9 and 

consists of corner-sharing MoO4 and FeO6 polyhedra in the bc plane. The effective 

molybdenum valence is +6 in the tetrahedral sites. Iron is coordinated to six oxygen 

atoms in an octahedral configuration and is in the +3 oxidation state. The observed 

Mo(VI)-O bond length (~1.7397 Å) and Fe(III)-O bond length (1.9793(5) Å) are in good 

agreement with expected Mo(VI)-O and Fe(III)-O bond lengths (Table 4.6).153, 154, 161-163 

They also result in a suitable charge balance for the compound (Cs1(Fe3+)(Mo6+)2O8). 

Calculated bond valence sums indicate oxidation states of +6.03 for Mo.155, 156 

 
 
 
 
 
 
 
 
 



 

 

Figure 4.8. Structure of CsFeMo2O8 viewed down the b-axis showing MoO4 (green) and 
FeO6 (yellow) polyhedra separated by Cs+ (blue) cations. 

 

 

 

 

Figure 4.9. Section of the oxide layer of CsFeMo2O8 viewed down the c-axis 
showing MoO4 (green) and FeO6 (yellow) polyhedra. 
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Structure of Cs2Mo0.65OCl5

The crystal structure of Cs2Mo0.65OCl5 is shown in Figure 4.10. It forms with 

orthorhombic symmetry, in space group Cmcm with four formula units per unit cell. The 

structure of Cs2Mo0.65OCl5 is comprised of isolated [MoOCl5]
- octahedra which are 

embedded in the CsCl structure. The structure of this compound can be described as the 

reverse of salt-inclusion solids; instead of salt layers or clusters occluded within a metal 

oxide framework, Cs2Mo0.65OCl5 has [MoOCl5]
- species doped into the CsCl salt 

structure. 

Cesium chloride crystallizes in a cubic lattice. The structure of this salt has two 

interpenetrating sub lattices; the chloride atoms lie on the lattice points at the corners of 

the cube while the cesium atoms lie in the sites in the center of the cubes. In the case of 

Cs2Mo0.65OCl5, [MoOCl5]
- units introduce distortion and defects into the structure of CsCl 

 where every two cesium cations are replaced by molybdenum centers. Molybdenum is 

only 65% occupied and is coordinated to five chlorine atoms and one oxygen/chlorine 

mixed site in a distorted octahedral configuration with one shorter axial Mo-Cl bond 

distance of 2.2793(2) and four longer Mo-Cl bond distances of 2.3772(9) (Table 4.6). The 

Mo-O bond distance is 2.1917(4) Å and the oxygen atoms in the structure of 

Cs2Mo0.65OCl5 alternate in an “up-down” repeating pattern along the a-axis. The Mo-O 

bond observed in this compound is much longer than most reported Mo(V)-O or Mo(VI)-O 

bond lengths, due to mixed occupancy of O(3) and Cl(3) ( ~ 90 % oxygen, 10% chlorine) 

(Table 4.5). There is also the possibility that in addition to being a mixed O/Cl site, this site 

might also be partially occupied, as the neighboring molybdenum site is. However, it is not 

possible to refine the site occupancy as such. Each face of the molybdenum octahedron 

is capped by Cs+ cations (Figure 4.11). The four basal chlorine atoms are part of the CsCl 

“framework”. The Mo(V)-Cl bond distance of 2.3777(9)Å observed in our compound is in 

the range of previously reported Mo(V)-Cl bond lengths.164, 165  
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Table 4.5.  Atomic coordinates and isotropic thermal parameters (Ueq
a) for Cs2Mo0.65OCl5. 

 
Atom Wyckoff 

site 
x y z Ueq(Å2) occupancy 

Cs1 4c 0 0.0294(1) 3/4 0.0031(1) 1 

Cs2 4c 0 0.2547(1) 1/4 0.0036(1) 1 

Mo1 4c 1/2 0.8781(1) 3/4 0.0025(1) 0.65 

Cl1 16h 0.7237(1) 0.8885(1) 0. 5408(1) 0.0034(1) 1 

Cl2 4c 0 0.2466(1) 3/4 0.0035(1) 1 

Cl3 4c 1/2 0.0046(2) 3/4 0.049(2) 0.10(1) 

O3 4c 1/2 0.0046(2) 3/4 0.049(2) 0.90(1) 

a  Ueq is defined as one third of  the trace of the orthogonalized Uij tensor.

 
 

Table 4.6. Selected Bond Lengths (Å) for complexes CsFeMo2O8 and Cs2Mo0.65OCl5. 

Bond lengths CsFeMo2O8 Bond lengths Cs2MoOCl5

Mo(1)-O(2) x 1 1.7265(9) Mo(1)-O(3) x 1 2.191(4) 

Mo(1)-O(2) x 3 1.7572(5) Mo(1)-Cl(3) x 1 2.191(4) 

Fe(1)-O(2) x 6 1.9793(5) Mo(1)-Cl(2) x 1 2.280(2) 

  Mo(1)-Cl(1) x 4 2.3777(9) 

 
 

 

 

 

 

 



 

 

Figure 4.10. The unit cell of Cs2Mo0.65OCl5 viewed down c-axis showing [MoOCl5]
- 

octahedron in blue and Cs cations in pink. Mixed O(3)/Cl(3) site is shown in darker green. 
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Figure 4.11. Mo(V) in distorted octahedral configuration ( darker green = mixed 
O(3)/Cl(3) site). 

 
 

Magnetic Susceptibility Measurements  

Magnetic susceptibility measurements were performed in the temperature range 

of 2-300 K to further characterize CsFeMo2O8 and Cs2Mo0.65OCl5 (Figure 4.12 and Figure 

4.13). The high temperature data for CsFeMo2O8 were fitted using the Curie-Weiss 

equation; this yielded Curie-Weiss parameters of C = 3.21 emu�mol-1 and θ = -8.51 K. The 

calculated effective magnetic moment for iron in the structure of CsFeMo2O8 is  5.1 μB 

which is in good agreement with the expected μB spin only value for Fe+3 which is  5.9 μB. 

The small and negative value for Weiss constant at high temperature suggests that 

isolated iron(III) octahedra have weak antiferromagnetic coupling between them. This is 

in agreement with the data shown in Figure 4.12 which shows antiferromagnetic ordering 

at ~4.5 K.  

The temperature dependence of χm vs. T for Cs2Mo0.65OCl5 indicates a dominant 

antiferromagnetic transition at ~7 K (Figure 4.13). The fitting to the Curie-Weiss equation 

in the 60-300 K ranges yields C = 4.35 emu.mol-1 and θ = -12.91 K indicative of 

antiferromagnetic exchange coupling. The effective magnetic moment per molybdenum 
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center observed for Cs2Mo0.65OCl5 is 1.47 μB per molybdenum(V) center which is smaller 

than the expected theoretical value of 1.73 μB for Mo(V). Mo(V) centers are only 65% 

occupied and this non stoichiometry can be invoked to explain the smaller observed 

magnetic moment.  Cs2Mo0.65OCl5 might also be susceptible to spin glass behavior due to 

disordered nature of the Mo(V) site and its surrounding ( AC susceptibility or FC/ZFC 

measurements are needed).The magnetization versus magnetic field curve at 2 K for 

CsFeMo2O8 and Cs2Mo0.65OCl5 show no saturation at the highest magnetic field 

measured (60000 G). Also, no hysteresis loop was observed confirming the 

antiferromagnetic nature of these compounds (Figure 4.14- 4.15). 
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Figure 4.12.Temperature dependence of the susceptibility of CsFeMo2O8showing 
antiferromagnetic transition at ~ 4.5 K. 
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Figure 4.13.Temperature dependence of the susceptibility of Cs2Mo0.65OCl5 showing 
antiferromagnetic transition at 7 K. 
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Figure 4.14. The magnetization versus field for CsFeMo2O8; data collected at 2 K. 
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Figure 4.15. The magnetization versus field for Cs2Mo0.65OCl5 collected at 2 K. 
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Raman Studies 

 The Raman spectra for CsFeMo2O8 and Cs2Mo0.65OCl5 are given in Figure 4.16 

and 4.17, respectively. Bridging oxygens form an extended network in layered 

compounds. It is well known that such interactions, resulting in the formation of (M-O-M)n 

linkages, lead to changes in frequency range in which stretching modes are observed. In 

perticular, these interactions lead to a significant frequency decrease of asymmetric 

stretching modes. In general, in the case of strong interactions, new bands due to 

vibrations of oxygen bridges appear in the lower frequency region of the spectrum and no 

gap between stretching and bending mode is observed.166 

Molybdenum is in a tetrahedral configuration in CsFeMo2O8 and it has Td 

symmetry. In Cs2Mo0.65OCl5 molybdenum is in distorted octahedral configuration with C4v 

symmetry. The free [MoO4]
-2 belonging to Td symmetry has two stretching vibrations and 

two bending vibrations. When [MoO4]
-2 ions are located in the lower symmetry site than 

Td, these modes are split.  

Raman spectra of CsFeMo2O8 and Cs2Mo0.65OCl5 show some similarities in the 

region above 750 cm-1.167 These bands can be assigned to symmetric and asymmetric 

stretching modes of terminal Mo-O bonds. The Mo-O bonds of bridging oxygens in 

CsFeMo2O8 can be associated to Raman stretching frequencies appear in 350-400 cm-1 

region (Figure 4.16); however, iron-oxygen Raman stretching mode are expected to 

appear in this region, therefore, these band might be due to Fe-O stretching modes as 

well.167, 168 The peaks in 300-350 cm-1 region of the Raman spectrum of Cs2Mo0.65OCl5 

are most likely due to bending and stretching modes of Mo-Cl bonds (Figure 4.17). The 

weaker peaks appear in the region below 200 cm-1 (for CsFeMo2O8 and Cs2MoOCl5) are 

due to weak Cs-O interactions.167 

 The peak at ~128 cm-1 in the Raman spectrum of Cs2Mo0.65OCl5 can be attributed 

to Cs-Cl stretching mode of CsCl. It is well known that crystals with cesium chloride 

structure have no Raman active mode; however, addition of defects into their structure 

destroys the translational symmetry of the lattice and the inversion of the lattice site; 

therefore, some Raman modes will become active and appear in the Raman spectrum.169, 

170 We have also observed this phenomena in Cs2Mo0.65OCl5 compound, the Raman 

peak appearing at ~128 cm-1 can be assigned to Cs-Cl stretching mode caused by doped 



[MoOCl5]
- species into the cesium chloride lattice. 
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Figure 4.16. Raman spectrum of CsFeMo2O8 , showing stretching and bending modes of 
Mo-O and Fe-O. 
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Figure 4.17. Raman spectrum of Cs2MoO0.65Cl5, showing Mo-O and Mo-Cl bands as well 
as Cs-Cl stretching mode of CsCl. 
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Synthesis in Eutectic Metal Halides: Conclusions 
 

 

 

Eutectic mixtures of metal halide salts are promising media for the growth of single 

crystals of subvalent compounds. Cs5FeV5O13Cl6, CsFeMo2O8 and Cs2Mo0.65OCl5 have 

been synthesized from the reaction of metal oxide, and metal powder in molten 

CsCl/NaCl in 13:7 molar ratios. The formation of these phases shows the reactive role of 

flux and the utility of metal powder (iron and molybdenum) as a reducing agent. The 

mechanisms of these reactions are not known yet, however one can propose that first 

metal oxides dissolve in the molten salt and upon cooling the frameworks form. These 

examples demonstarte the  potential of the use of molten salts in the synthesis of layered 

and reduced metal oxide phases.42, 171  
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CHAPTER  5 

FINAL DISCUSSION AND FUTURE WORK 
 

 
 
 
 The main focus of this research was the use of molten salt fluxes as a growth 

medium for the synthesis of single crystals of subvalent oxides. Ionic liquids, 

([1-butyl-3-methylimidazolium]PF6 and [1-butylpyridinium]AlCl4 ) and eutectic mixtures of 

CsCl/NaCl ( in a 13:7 molar ratio) have been utilized as solvents to synthesize new 

materials. The typical experiments carried out included the reactions of metal oxide and 

a metal powder (as a reducing agent) in a molten salt flux. From the results described 

here, this appears to be a promising method for generating reduced metal oxide 

materials. 

 It is evident that ionic liquids are a powerful medium for the crystal growth of metal 

oxide and subvalent oxide compounds and they act as both solvents and templates. The 

organic cation is always included in the product, and the anion of the ionic liquid reacts 

with many oxides to form new anionic species.  Among all the metals investigated, 

bismuth and indium appear to be promising reducing agents. Gallium and Rhenium did 

not dissolve in the ionic liquids used and molybdenum and silver did not act as reducing 

agents.The hybrid materials synthesized are extremely air and moisture sensitive and 

often temperature sensitive as well, which limits the employment of physical 

measurements; therefore, in this work eutectic mixtures of metal halide salts were also 

used to further investigate the reaction of metal oxides in molten salt fluxes. 

 Cesium chloride melts at 646 °C and sodium chloride melts at 801 °C; however, a 

mixture of CsCl and NaCl in 13:7 molar ratio forms a eutectic that melts at 495 °C. After 

investigating all the possible combination of the transition-metal oxides and metal powder, 

it became apparent that among metal oxides, V2O5, Co3O4, Fe2O3, Bi2O3, WO3, NiO, 

MoO3 and Ta2O5 tend to dissolve and form new structures in CsCl/NaCl melt. Nickel, 

indium, iron, molybdenum, and cobalt appeared to be the best reducing agents in this 

system. The formation of known and new reduced phases proved that the reduction of 
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metal oxide with a metal powder is a successful technique in molten metal halide salt 

fluxes.   

  The mechanisms of these reactions are not known yet, however one can propose 

that first metal oxides dissolve in the molten salt and upon cooling the frameworks form 

around cations incorporated from the flux. In this vein, it would be interesting to 

investigate different ionic liquid systems to see how the nature of the ionic liquid affects 

the structure and properties of the resulting products. For example aluminum halide ionic 

liquids can range from acidic to basic depending on the ratio of the two constituent. This 

ratio determines the nature of the anion which is the structure directing of the products. 

Aside from metal oxides, metal halides can also be investigated in ionic liquid systems; 

however, the handling of halides would be more difficult since they are far more air and 

moisture sensitive.  

 The metal halide salt project is not finished. The products appear to have 

interesting magnetic properties which need further investigation. Conductivity 

measurements, EPR studies and neutron diffraction should  be done to investigate the 

localization of the unpaired electrons in these systems. In the case of Cs2Mo0.65OCl5, the 

partial occupancy of Mo+5 center is confirmed by collecting single crystal XRD on multiple 

samples and it is apparent that the neighboring atoms have mixed occupancies; however, 

more specific measurements need to be done in order to determine the exact occupancy 

ratio of O(3)/Cl(3) on the mixed site. The appearance of Cs-Cl stretching in our primary 

Raman study indicates that Cs2Mo0.65OCl5 can be viewed as CsCl doped with [MoOCl5]
- 

defect sites,  but more Raman studies are required to further investigate the structure of 

this compound. It is known that unlike UV Raman spectra, visible Raman is more 

sensitive to terminal M-oxygen (M = Mo, V) vibrations. Therefore, it is necessary to 

measure Raman spectra at different excitation wavelengths in order to obtain a better and 

more complete characterization. This might even help in identifying the possible presence 

of Mo+6 in this structure which is not possible by SQUID measurements and charge 

balance. Defects in alkali halides doped with transition metal species have been of 

considerable interest due to the unfilled d-orbitals of transition-metals. Therefore, these 

materials can be used to better understand the physics of defects in crystals and related 

phenomena such as optical absorption, thermoluminescence and color centers.  
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 Other salt mixtures can also be used. For example mixtures of BaCl2/ CaCl2/ NaCl 

in 14.5: 47: 38.5 molar ratio form a eutectic which melts at 450 °C. This eutectic can be 

used as a flux for the reaction of metal oxides and metal powder. However, due to 

hygroscopic nature of BaCl2 and CaCl2, the reactions need to be prepared and handled 

inside the glovebox. Also these reactions should not be heated over 800 °C, because this 

flux attacks the quartz tubes at this temperature. Therefore, it is necessary to use different 

crucibles to avoid the failure of the reaction tubes. 

 It is noteworthy to mention that the use of molten salts as solvents is not limited to 

only metal oxide reactions. Our initial work on the employment of KI as solvent in the 

reaction of Ni, Bi and I2 yielded the formation of new nickel bismuth iodide compounds.  

The reaction of Ni / Bi / I2 in 1: 3.5: 1.25 (molar ratios) in KI (2.5 mmol) lead to the 

formation of Ni2Bi6I (Figure 5.1). This compound can be considered as a new member to 

the nickel bismuth subiodides such as Ni4Bi12.86I6 
172 and Ni4Bi12I3 

172. The reaction of Ni/ 

Bi/ I2 in 1: 3.5: 3.75 (molar ratios) in KI (3.5 mmol) lead to the formation of Ni2Bi15I12 (Figure 

5.2). As our initial results indicate, KI appear to be a good medium for the crystal growth 

of nickel bismuth iodide compounds. Upon incorporation of more iodine into the structure 

of these compounds, they might exhibit interesting magnetic properties such as 

superconductivity ( the NiBi3 parent compound is superconductor at 3.6 K 173); however, 

I2 is volatile and reaction tubes will explode upon adding more iodine; therefore, KI can be 

used as a solvent and also another extra source of iodine.  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 
 

Figure 5.1. The unit cell of Ni2Bi6I viewed down the a-axis. The building block of nickel 
zig-zag chains surrounded by bismuth atoms is also seen in NiBi3, MgNi2Bi4, Ni4Bi12.86I6, 
and Ni4Bi12I3.  Ni2Bi6I can be viewed as another member of the series of nickel bismuth 
subiodides, with the amount of iodine decreasing from Ni4Bi12.86I6 to Ni4Bi12I3 to Ni2Bi6I, 
and eventually to the intermetallic phase NiBi3.( green = Ni, dark purple = I, light purple = 
Bi). 
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Figure 5.2. The unit cell of Ni4Bi15I12, viewed down the a-axis. (green = nickel, dark purple 
= iodine, light purple = bismuth) 
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APENDIX A 

ATOMIC COORDINATES AND ISOTROPIC THERMAL 
PARAMETERS (Ueq

a) FOR [bpyr][AlCl4] (bpyr = 
1-butylpyridinium) 

 
 
 
 

Atom x y z Ueq(Å
2) occupancy 

  Molecule 1    

Cl 1  0.741(1) 0.106(8) 0.003(1) 0.052(3) 1 

Cl 2 0.987(2) 0.307(9) 0.013(1) 0.053(3) 1 

Cl 3 0.589(1) 0.344(1) 0.994(1) 0.060(4) 1 

Cl 4 0.767(1) 0.261(2) 0.232(2) 0.048(2) 0.49 

Cl 4A 0.782(4) 0.241(2) 0.235(1) 0.056(3) 0.51 

Al 3 0.770(1) 0.252(8) 0.059(9) 0.034(3) 1 

  Molecule 2    

N1 0.888(4) 0.961(2) 0.249(3) 0.046(9) 1 

C1 0.738(7) 0.852(4) 0.137(5) 0.068(5) 1 

C 2 0.613(7) 0.878(6) 0.192(7) 0.098(6) 1 

C 3 0.632(8) 0.946(7) 0.279(7) 0.100(7) 1 

C 4 0.770(7) 0.989(4) 0.303(4) 0.006(1) 1 

C 5 0.878(5) 0.896(3) 0.166(4) 0.051(1) 1 

C 6 1.110(5) 0.063(4) 0.206(4) 0.061(1) 1 

C 7 1.042(8) 0.003(4) 0.290(5) 0.078(1) 1 

C 8 1.268(7) 0.009(5) 0.253(7) 0.088(2) 1 

C 9 1.352(8) 0.149(5) 0.168(6) 0.090(2) 1 

 
a  Ueq is defined as one third of  the trace of the orthogonalized Uij tensor.
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APENDIX B 

ATOMIC COORDINATES AND ISOTROPIC THERMAL 
PARAMETERS (Ueq

a) FOR [bpyr]4[Bi4Cl16] (bpyr = 
1-butylpyridinium) 

 
 
 
 

Atom x y z Ueq(Å2) occupancy 

  Molecule 1    

Bi 1  0.340(1) 0.267(1) 0.765(9) 0.027(3) 1 

Bi 2 0.384(1) 0.310(1) 0.455(9) 0.028(3) 1 

Bi 3 0.149(1) 0.949(1) 0.462(1) 0.054(4) 1 

Bi 4 0.575(7) 0.627(7) 0.757(6) 0.002(1) 1 

Cl 1 0.977(9) 0.689(1) 0.559(7) 0.039(2) 1 

Cl 2 0.748(9) 0.706(9) 0.660(8) 0.033(2) 1 

Cl 3 0.371(9) 0.528(1) 0.860(8) 0.034(2) 1 

Cl 4 0.733(1) 0.653(1) 0.917(9) 0.045(2) 1 

Cl 5 0.480(1) 0.262(9) 0.923(9) 0.048(2) 1 

Cl 6 0.402(9) 0.569(8) 0.551(8) 0.033(2) 1 

Cl 7 0.560(8) 0.340(1) 0.654(8) 0.032(2) 1 

Cl 8  0.576(1) 0.339(1) 0.366(1) 0.046(2) 1 

Cl 9 0.238(1) 0.310(2) 0.298(8) 0.043(2) 1 

Cl 10 0.989(1) 0.922(1) 0.304(1) 0.069(3) 1 

Cl 11 0.348(9) 0.045(1) 0.358(8) 0.038(2) 1 

Cl 12 0.196(1) 0.730(9) 0.390(8) 0.050(2) 1 

Cl 13 0.319(1) 0.013(1) 0.671(8) 0.042(2) 1 

Cl 14 0.148(1) 0.233(1) 0.853(9) 0.049(2) 1 
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Atom x y z Ueq(Å2) occupancy 

Cl 15 0.163(1) 0.240(1) 0.567(9) 0.048(2) 1 

Cl 16 0.531(3) 0.852(1) 0.831(9) 0.053(2) 1 

N 1  0.953(3) 0.535(2) 0.558(2) 0.049(9) 1 

C 1 0.920(3) 0.525(4) 0.440(3) 0.063(1) 1 

C 2 0.941(3) 0.421(3) 0.345(3) 0.005(9) 1 

C 3 1.077(6) 0.585(5) 0.587(7) 0.045(3) 1 

C 4 0.881(2) 0.468(3) 0.603(2) 0.027(6) 1 

C 5  0.903(3) 0.288(5) 0.335(7) 0.185(4) 1 

C 6 1.060(3) 0.538(4) 0.755(3) 0.060(1) 1 

C 7 0.899(2) 0.198(2) 0.211(2) 0.050(8) 1 

C 8 1.140(2) 0.586(3) 0.693(3) 0.031(7) 1 

  Molecule 3    

C 10 0.370(3) 1.070(2) 1.070(2) 0.038(9) 1 

C 11 0.565(3) 1.005(4) 1.151(2) 0.041(9) 1 

C 12 0.421(2) 0.953(2) 1.092(2) 0.024(6) 1 

C 13 0.055(6) 0.908(4) 0.868(4) 0.125(3) 1 

N 10 0.236(2) 1.013(2) 1.019(2) 0.033(6) 1 

C 14 0.178(5) 0.954(4) 0.899(4) 0.094(2) 1 

C 15 0.014(3) 0.932(2) 1.022(3) 0.046(1) 1 

C 16 0.134(3) 0.986(4) 1.069(3) 0.054(1) 1 

C 17 0.992(2) 0.890(3) 0.905(7) 0.031(7) 1 

C 18 0.611(2) 0.899(2) 1.164(2) 0.017(5) 1 

  Molecule 4    

N 30  0.495(3) 0.578(2) 0.202(2) 0.044(8) 1 

C 31 0.498(2) 0.615(2) 0.320(1) 0.020(5) 1 
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Atom x y z Ueq(Å2) occupancy 

C 32 0.591(3) 0.578(3) 0.145(2) 0.037(8) 1 

C 33 0.163(4) 0.574(3) 0.086(2) 0.038(8) 1 

C 34 0.351(2) 0.509(4) 0.137(2) 0.042(1) 1 

C 35  0.628(2) 0.677(3) 0.375(2) 0.037(8) 1 

C 36 0.698(2) 0.618(3) 0.202(2) 0.033(8) 1 

C 37 0.293(3) 0.630(4) 0.129(3) 0.061(1) 1 

  Molecule 5    

N 20 0.759(2) 0.054(3) 0.673(2) 0.042(8) 1 

C 20 0.681(8) 0.065(6) 0.465(6) 0.139(3) 1 

C 21 0.625(5) 0.024(6) 0.510(4) 0.110(2) 1 

C 22 0.795(2) 0.112(3) 0.516(2) 0.027(6) 1 

C 23 0.813(4) 0.243(7) 0.859(4) 0.092(2) 1 

C 24 O.827(4) 0.224(5) 0.957(3) 0.081(1) 1 

C 25 0.828(3) 0.059(3) 0.774(3) 0.053(1) 1 

C 26 0.642(2) 0.996(3) 0.627(2) 0.023(7) 1 

C 27 0.830(4) 0.105(6) 0.594(6) 0.091(2) 1 

 
a  Ueq is defined as one third of  the trace of the orthogonalized Uij tensor. 
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APENDIX C 

ATOMIC COORDINATES AND ISOTROPIC THERMAL 
PARAMETERS (Ueq

a) FOR [bpyr]4[V4O4Cl12] (bpyr = 
1-butylpyridinium) 

 
 
 
 

Atom x y z Ueq(Å2) occupancy 

  Molecule 1    

V 1  0.101(1) O.29466(9) 0.43267(2) 0.0167(2) 1 

V 2 0.205(1) 0.23900(3) 0.553767(5) 0.0163(2) 1 

Cl 3 0.16135(4) 0.28255(7) 0.3812(2) 0.0195(2) 1 

Cl 4 0.15341(4) 0.4109(1) 0.5467(2) 0.0227(2) 1 

Cl 5 0.24780(4) 0.0786(1) 0.48544(8) 0.0226(2) 1 

Cl 6 0.15132(4) 0.0691(2) 0.52196(7) 0.0200(2) 1 

Cl 7 0.05782(4) 0.2531(1) 0.51575(8) 0.0230(2) 1 

Cl 8 0.06476(4) 0.1299(1) 0.3392(8) 0.0325(3) 1 

O 1 0.2280(1) 0.2189(4) 0.6297(2) 0.0304(8) 1 

O 2 0.0800(1) 0.4419(4) 0.3939(2) 0.0351(9) 1 

  Molecule 2    

N 1 0.9587(1) 0.3398(4) 0.3988(2) 0.0252(2) 1 

C1 0.9640(1) 0.2048(6) 0.3796(3) 0.0320(1) 1 

C 2 0.9419(1) 0.1272(6) 0.4909(3) 0.0300(1) 1 

C 3 0.9556(1) 0.0978(6) 0.4246(3) 0.032(1) 1 

C 4 0.9563(2) 0.2671(6) 0.5103(3) 0.0325(1) 1 

C 5 0.0602(2) 0.6425(6) 0.2549(3) 0.0319(1) 1 

C 6 0.9449(1) 0.3721(6) 0.4619(3) 0.028(1) 1 
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Atom x y z Ueq(Å2) occupancy 

C 7 0.0303(1) 0.4579(3) 0.1491(4) 0.036(1) 1 

C 8  0.0705(1) 0.5192(6) 0.2059(3) 0.030(1) 1 

C 9 0.0447(2) 0.7763(6) 0.2077(4) 0.038(1) 1 

  Molecule 3    

N 2 0.1569(1) 0.1162(4) 0.7749(2) 0.0238(9) 1 

C 10 0.1759(2) 0.7749(3) 0.6719(1) 0.031(1) 1 

C 11 0.1462(1) 0.9855(3) 0.7248(3) 0.026(1) 1 

C 12 0.1607(1) 0.1059(6) 0.8534(3) 0.029(1) 1 

C 13 0.1727(2) 0.2246(6) 0.9011(3) 0.038(1) 1 

C 14 0.1634(2) 0.2388(4) 0.7406(4) 0.031(1) 1 

C 15 0.1790(2) 0.3502(7) 0.8691(4) 0.044(1) 1 

C 16 0.1746(2) 0.3576(4) 0.786(1) 0.0422(1) 1 

N 1 0.9587(1) 0.3398(4) 0.3988(2) 0.0252(2) 1 

C1 0.9640(1) 0.2048(6) 0.3796(3) 0.0320(1) 1 

C 2 0.9419(1) 0.1272(6) 0.4909(3) 0.0300(1) 1 

C 3 0.9556(1) 0.0978(6) 0.4246(3) 0.032(1) 1 

C 4 0.9563(2) 0.2671(6) 0.5103(3) 0.0325(1) 1 

C 5 0.0602(2) 0.6425(6) 0.2549(3) 0.0319(1) 1 

C 6 0.9449(1) 0.3721(6) 0.4619(3) 0.028(1) 1 

C 7 0.0303(1) 0.4579(3) 0.1491(4) 0.036(1) 1 

C 17 0.2164(2) 0.7069(9) 0.6615(5) 0.058(2) 1 

C 18 0.1867(1) 0.9107(5) 0.7209(3) 0.024(1) 1 

 
a  Ueq is defined as one third of  the trace of the orthogonalized Uij tensor. 
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APENDIX D 

ATOMIC COORDINATES AND ISOTROPIC THERMAL 
PARAMETERS (Ueq

a) FOR [bpyr]4[Bi(PO2F2)4] (bmim = 
1-buty-3-methylimidazoliuml) 

 

 
 
 

Atom x y z Ueq(Å2) occupancy 

  Molecule 1    

Bi 1  0.0222(3) 0.00490(2) 0.62494(2) 0.0201(1) 1 

P 1 0.2038(2) 0.0408(2) 0.4953(1) 0.0277(7) 1 

P 2 0.1458(2) 0.8937(1) 0.7635(1)(6) 0.0258(6) 1 

P 3 0.1477(2) 0.1127(1) 0.7624(1) 0.0179(1) 1 

O 1 0.1151(6) 0.02427(5) 0.4517(3) 0.027(1) 1 

O 2 0.9974(6) 0.1231(4) 0.5604(4) 0.025(1) 1 

O 3 0.0895(6) 0.1979(5) 0.6977(3) 0.021(1) 1 

O 4 0.08373(6) 0.8888(5) 0.5600(4) 0.027(1) 1 

O 5 0.1940(6) 0.0391(5) 0.5696(4) 0.027(1) 1 

O 6 0.0650(6) 0.9000(3) 0.8155(3) 0.020(1) 1 

O 7 0.1499(6) 0.9451(5) 0.7034(3) 0.023(1) 1 

O 8 0.1249(5) 0.0617(4) 0.8201(3) 0.018(1) 1 

F 9 0.2927(9) 0.988(1) 0.4744(6) 0.136(1) 1 

F 10 0.249(1) 0.1171(9) 0.4741(4) 0.132(7) 1 

F 11 0.1441(6) 0.1982(4) 0.7867(1) 0.031(1) 1 

F 12 0.2547(6) 0.8982(6) 0.7986(4) 0.056(2) 1 

F 13 0.2648(5) 0.1078(5) 0.7467(3) 0.037(1) 1 
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Atom x y z Ueq(Å2) occupancy 

F 14  0.1500(9) 0.8084(5) 0.7386(4) 0.059(2) 1 

P 4 0.942(2) 0.1532(8) 0.5018(8) 0.045(3) 1 

P 5 0.921(1) 0.1482) 0.507(1) 0.014(7) 1 

Atom x y z Ueq(Å2) occupancy 

F 53 0.927(1) 0.2335(6) 0.4997(7) 0.133(8) 1 

F 63 0.1830(9) 0.845(1) 0.4629(6) 0.052(5) 1 

F 73 0.049(2) 0.205(1) 0.471(1) 0.053(9) 1 

  Molecule 2    

N 1 0.3544(8) 0.8027(7) 0.6195(5) 0.036(2) 1 

N 2 0.4154(8) 0.9168(7) 0.6438(6) 0.037(2) 1 

C 1 0.331(1) 0.8782(8) 0.6199(6) 0.034(3) 1 

C 2 0.419(1) 0.0020(9) 0.6558(9) 0.047(3) 1 

C 3 0.2835(1) 0.7508(9) 0.5973(7) 0.043(3) 1 

C 4 0.455(1) 0.792(1) 0.6405(7) 0.041(3) 1 

C 5 0.494(1) 0.8623(9) 0.6554(8) 0.041(3) 1 

C 6 0.503(1) 0.039(1) 0.617(1) 0.080(7) 1 

 
a  Ueq is defined as one third of  the trace of the orthogonalized Uij tensor. 
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