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ABSTRACT 

CHARACTERIZATION AND CATALYTIC APPLICATIONS OF 
HYDROTHERMALLY SYNTHESIZED POLYOXOTUNGSTATE 

CLUSTERS CONTAINING ORGANIC-INORGANIC HYBRID 
MATERIALS 

 
Many scientists have been interested in hydrothermal synthesis and 

characterization of polyoxometalate clusters containing organic-inorganic hybrid 

materials recently because of having different applications in lots of fields, especially, 

using as catalysis in chemical reactions. 

In this study, three novel polyoxotungstate clusters were synthesized using 

hydrothermal method and catalytic activities of these three novel polyoxometalates and 

in addition two crystals previously synthesized in our group were studied.  

The first compound, [(4,4’-bpyH2)3][PCuW11O39] yellow crystals, crystallize in 

the space group P2(1)/n of the monoclinic system with four formula units in a cell. The 

crystal is a Keggin polyoxometalate and includes free 4,4’-bipyridine groups between 

the clusters.  

The second compound, (4,4’-bpyH2)[H2PW12O40]2.H2O colorless crystals, 

crystallize in the space group Ia-3 of the cubic system with twelve formula units in a 

cell. The crystal is a Keggin polyoxometalate and consists of two polyoxotungstate 

clusters, a free 4,4’-bipyridine group and a water molecule. 

The third and the last novel compound, (4,4’-bpyH2)4[H2P2W18O62]2 dark yellow 

crystals, crystallize in the space group P-1 of the triclinic system with four formula units 

in a cell. The crystal is a Wells-Dawson polyoxometalate and contains two 

polyoxotungstate clusters and free 4,4’-bipyridine groups between clusters. 

The catalytic study has been carried out using starch hydrolysis reactions by 

using hydrothermal synthesis and five different crystals were tried and conversion 

results were obtained. Starch samples converted to D-glucose with glucose yields above 

90 wt.%. Catalyst reusability was performed for each crystal. No appreciable loss was 

observed in activity after five reaction cycles for each crystal. 
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ÖZET 

HİDROTERMAL METOT İLE SENTEZLENEN 
POLİOKSOTUNGSTEN KÜMELERİ İÇEREN ORGANİK-İNORGANİK 
MELEZ MALZEMELERİN KARAKTERİZASYONU VE KATALİTİK 

UYGULAMALARI 
 

Son zamanlarda, birçok alanda farklı uygulamalarının olması özellikle kimyasal 

reaksiyonlarda katalizör olarak kullanılmalarından dolayı birçok bilim adamı 

polioksometal kümeleri içeren organik-inorganik melez malzemelerin hidrotermal 

sentezi ve karakterizasyonu ile ilgilenmektedir. 

Bu çalışmada, üç adet yeni polioksotungstat kümesi hidrotermal sentez             

ile sentezlenmiş ve bu yeni bileşikler ile birlikte iki adet daha önce grubumuzda 

sentezlenmiş olan kristallerin katalitik aktiviteleri çalışılmıştır. 

İlk bileşik, [(4,4’-bpyH2)3][PCuW11O39] sarı kristalleri, monoklinik sistemin 

P2(1)/n uzay grubunda olup, dört formül birimi içeren birim hücrede kristallenmiştir. 

Kristal,  Keggin polioksometal yapısına sahiptir ve kristalin yapısındaki 4,4’-bipiridin 

grupları, [PCuW11O39]6- kümelerinin arasında serbest halde bulunmaktadır. 

İkinci bileşik, (4,4’-bpyH2)[H2PW12O40]2.H2O şeffaf kristalleri, kübik sistemin 

Ia-3 uzay grubunda olup, 12 formül birimi içeren birim hücrede kristallenmiştir. Kristal 

Keggin polioksometal yapısına sahiptir ve iki adet polioksotunstat kümesi ile kümeler 

arasında serbest halde bulunan 4,4’-bipiridin grubu ile su molekülünden oluşmaktadır. 

Üçüncü ve son bileşik, (4,4’-bpyH2)4[H2P2W18O62]2 koyu sarı kristalleri, 

triklinik sistemin P-1 uzay grubunda olup, dört formül birimi içeren birim hücrede 

kristallenmiştir. Kristal Wells-Dawson polioksometal yapısına sahiptir ve iki adet 

polioksotungstat kümesi ile kümeler arasında serbest halde bulunan 4,4’-bipiridin 

gruplarını içermektedir. 

Katalitik çalışmada, hidrotermal sentez ve nişasta hidroliz reaksiyonları ile beş 

farklı kristal kullanılmış ve dönüşüm sonuçları elde edilmiştir. Nişasta örnekleri kütlece 

%90 glikoz verimi ile D-glikoza dönüşmüştür. Her bir kristal için yeniden 

kullanılabilirlik denemeleri yapılmıştır. Beş reaksiyon döngüsü sonucunda her bir 

kristalin katalitik aktivitesinde kayda değer bir azalışa rastlanmamıştır. 
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CHAPTER 1 

INTRODUCTION 

Solid state chemistry is interested in synthesis, structure, properties and 

applications of solid materials.  It has also a strong correspondence with solid-state 

physics, minerology, crystallography, ceramics, metallurgy, thermodynamics, materials 

science and electronics with a focus on the synthesis of novel materials and their 

characterization. Solid phase materials which solid state chemistry deals with, mostly 

involve inorganic compounds. Organic solids are also involved in solid phase materials 

because of presenting curious physical properties like high electrical property and the 

reactions of organic solids are connected to topochemical control.  

Mainly, inorganic solids are non-molecular and their structure is determined by 

the manner in which atoms or ions are packed together in three dimensions. Their 

various structures are the center of appreciation of solid state chemistry and involve 

description and classification of crystal structures by space groups and factors that 

affect and control the crystal structures.  

The defect structure is an important structural aspect for solid materials. It 

effects on mechanical strength, electrical conductivity and chemical reactivity. 

Moreover, it allows the various composition of solids in the framework of the same 

overall crystal structure. Therefore, it is possible to control or modify many properties 

by changing the compositions.  

Vapour phase transport, precipitation, electrochemical methods, ceramic 

methods, solvothermal and hydrothermal methods are the synthesis methods of solids.1 

.Among these methods, hydrothermal synthesis is a common method to synthesize 

organic-inorganic hybrid materials since the other solid state synthesis methods are 

usually carried out by high temperature (1000°C) solid-solid interactions and this  

hydrothermal method is suitable in order to produce stable organic-inorganic hybrid 

materials. 

In recent years, polyoxometalates (POMs), have been widely used as catalysts 

for both homogeneous and heterogeneous reactions due to their high acid strength and 

high thermal stability. The aim of this PhD thesis is to synthesize novel 
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polyoxotungstate clusters containing organic-inorganic hybrid materials by 

hydrothermal method and study their catalytic activities. 

 

1.1. Organic-Inorganic Hybrid Materials 

Organic-inorganic materials can be applied in several branches of chemistry and  

they attracted the attention of the scientists especially the beginning of 21st century  due 

to their different characteristic properties although mixing of them was carried out in 

ancient times. These materials are not only represent an alternative for designing of new 

materials but also have applications in many areas like optics, electronics, energy and 

medicine.  

There are two types of interactions in organic-inorganic hybrid materials which 

are shown in Figure 1.1. The first type of interaction is the weak interaction between the 

two components, Van der Waals, H-bonding or weak electrostatic interactions. The 

second type of interaction is the strong chemical interaction between the components.2 

In these materials, organic part can control the nucleation and growth of the inorganic 

oxide part and affect its structure. Also, more complex structures can be produced by 

using secondary metal complexes.3  

 

 
 

 
Figure 1.1. Selected interactions in hybrid materials and their strength. 

(Source: Kickelbick2) 
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1.2. Hydrothermal Synthesis 

Hydrothermal synthesis is named as a heterogeneous reaction in an aqueous 

media above 100˚C and 1 bar in a closed system in order to dissolve and recrystallize 

materials that are relatively insoluble under normal conditions.4 
The hydrothermal technique has attracted the attention of scientists from 

different branches of science. Today, it is an interdisciplinary subject and the technique 

is mostly used by geologists, biologists, physicists, chemists, ceramists, 

hydrometallurgists, material scientists, engineers, and so on. 

In the Earth, water is one of the most important solvents and it acts very 

differently from its standard conditions as a reaction medium under hydrothermal 

conditions. 

Water is beneficial for the environment and cheaper than other solvents. 

Moreover, it can act as a catalyst for the formation of various types of materials by 

changing temperature and pressure. Other advantages of water are nontoxicity, 

nonflammability, noncarcinogenicity, nonmutagenicity, and thermodynamic stablity. 

On the other hand, water is very volatile, so it can be removed easily from the product. 

Also, water has a polarity that can be controlled by temperature and pressure. 

This makes water as an advantageous solvent. For experimental hydrothermal synthesis, 

to understand the PT conditions of water, it is first necessary to know how it changes 

under various states of pressure, volume and temperature.  

An extensive study of pressure-temperature conditions of water was reported by 

Laudise. At the beginning, when an autoclave is filled to 32%, the liquid level does not 

change until the critical temperature as shown in Figure 1.2. The density of both the 

liquid and gas is 0.32 g/cm3 when it comes to the critical point. If an autoclave is filled 

more than 32% with water, it is filled at temperatures before critical temperature.   

If an autoclave is filled less than 32%, the liquid level drops and gas fills the 

autoclave at temperatures under critical temperature when temperature increases. As a 

result that, liquid is lost. If the filling is in higher percentage, the temperature at which 

the autoclave becomes filled with liquid, decreases.5 

In addition to these, supercritical water  is an excellent reaction media with its 

low viscosity and high mobility to synthesize novel metastable phases and grow best 

quality single crystals for analysis. Superheated water can solvate various reagents and 



 

4 

is a fine reaction media for both better transport and intermixing of reagents. The 

properties of hydrothermal solutions that have conditions between 100-150oC and 150-

375oC, carry the characteristics of supercritical state.  

 

 
 
Figure 1.2. Graph of the P-T conditions of water at various degrees of fill. 

(Source: Laudise5)  
 

 
Furthermore, hydrothermal reaction does not need much more time compared to 

traditional methods. Although a solid state reaction can be done in a few weeks, 

hydrothermal reaction can be performed in a few days.6 
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CHAPTER 2 

EXPERIMENTAL METHOD 

2.1. Autoclaves 

A pressure vessel that is capable of including highly corrosive solvent at high 

temperatures and pressures is used for crystal synthesis and growth with hydrothermal 

synthesis method. This special hydrothermal apparatus is named as ‘autoclave’.7 

In the 19th century, the first autoclave was made in Europe and than started to 

used in the 20th century in all over the world. An ideal autoclave should involve the 

following properties;  

• Inertness to oxidizing agents, acids and bases  

• Easy to operate and maintain  

• A suitable size and shape to obtain a desired temperature gradient  

• Leak-proof with unlimited capabilities to the required pressure and temperature  

• High mechanical strength to resist high pressure and temperature experiments   

  for long duration 

Stainless steel, iron, nickel, cobalt based super alloys, titanium and its alloys are 

corrosion resistant, high-strength alloys that are suitable for producing autoclaves. The 

reagents and solvents are corrosive and they can attack the vessel in high temperatures 

and pressures during the hydrothermal experiments so it requires a suitable lining for 

the inner wall of the autoclave.  

In order to synthesize high purity crystals in highly corrosive conditions, teflon 

beakers or liners are used. They should sit inside the autoclave without leaving any 

space. Teflon is the most popularly used lining material but it cannot be used at more 

than 300˚C since it dissociates affecting the pH of unbuffered, near-neutral solutions 

above this temperature.8 The other parts of the stainless-steel autoclave are lower 

pressure stainless-steel disc, upper pressure stainless-steel disc, corrosion disc and 

rupture. Also, at the top it has a steenless-steel lid in order to close the stainless-steel 

autoclave. Figure 2.1 shows parts and shematic representation of a stainless steel 

autoclave. 
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Figure 2.1. Parts and schematic representation of a stainless-steel autoclave. 

(Source: Şahin9)  
 

 
2.2. Hydrothermal Procedure 

Hydrothermal reactions generally take place between 100-250˚C in stainless 

steel autoclaves. Teflon is an inert material, so it does not interact with the starting 

materials so teflon vessels (23 ml) are used in autoclaves. Firstly, teflon vessels are 

filled with starting materials (transition metal oxide, organic component, secondary 

metal salt, phosphoric acid) and reaction solution (water). Secondly, teflon vessels are 

inserted in autoclaves and put in an oven. Above 100˚C, water is vaporized and solves 

the initial compounds that could not be solved easily in normal conditions. Reactions 

are kept 3 days at the intented temperature. After the end of this period, autoclaves are 

cooled slowly to room temperature. Crystals having the best quality are formed in the 

cooling period. Lastly, products are filtered by vacuum filtration and washed at least 3 

times with pure water to remove the traces of solvent from the products. The crystals 

are observed under the optical microscope and analyzed with Powder X-ray 

Diffractometer, spectroscopic techniques, Scanning Electron Microscope-EDX, Single 

Crystal X-ray Diffractometer and their structures are determined by ShelXTL crystal 

structure program. 

 

2.3. Characterization 

Diffraction techniques, microscopic techniques and spectroscopic techniques are 

the three main techniques that are generally used in order to characterize the organic-
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inorganic hybrid crystalline materials. Additionally, thermogravimetric analysis gives 

informations about the organic components of the organic-inorganic hybrid crystalline 

materials.  

 

2.3.1. Diffraction Techniques 

Diffraction methods are used for the identification and quantification of 

constituents of crystalline structures. The basic principle of diffraction methods is based 

on the Bragg equation, which defines the relation between the wavelength of the 

radiation, the angle of the incident radiation and the crystal lattice geometry of the 

object irradiated. 

 

2.3.1.1.  X-ray Diffraction 

Certainly, X-ray diffraction methods are the most effective methods in solid 

state chemistry and have been applied in order to characterize the crystals and determine 

their structures. These methods require an X-ray source (monochromatic or of variable 

λ), the sample (single crystal, powder or solid piece) and a detector (radiation counter or 

photographic film) that takes the diffracted X-rays.  

 

2.3.1.1.1. Powder X-ray Diffraction 

The spectroscopic technique known as the X-ray powder diffractometry, or 

simply X-ray diffractometry, is the most widely used diffraction method. X-ray 

diffractometry (XRD), is originally used for examining the crystal structure of powder 

samples; thus, traditionally it is called X-ray powder diffractometry (Figure 2.2). 

Powder diffraction is a common method to tell which crystalline compounds or 

phases present but it does not give any direct information about their chemical 

composition. Each crystal has a typical powder pattern like a fingerprint for 

identification purposes. The two variables in powder pattern are peak position and 

intensity. An invaluable reference source is the Powder Diffraction File (Joint 

Committee on Powder Diffraction Standarts, USA), previously known as ASTM file, is 
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used for  identifying the unknown crystals. It includes the powder patterns of about 

35000 materials and new entries are added at the current rate of ~ 2000 p.a.10 The 

synthesized crystals were analyzed by Philiphs X’Pert Pro Powder X-ray 

Diffractometer. 

         
 

Figure 2.2. The X-ray Spectrometer. 
(Source: Smart et al.10) 

 
 

2.3.1.1.2. Single Crystal X-ray Diffraction 

It is possible to solve and refine a full crystalline structure of a new material by 

measuring the position and intensity of the hkl reflections by using single crystal X-ray 

diffraction method. The unit cell dimensions, space group and the precise atomic 

positions of crystals are also determined.Generally, these can be done with speed and 

accuracy and this method is one of the most powerful structural methods in chemisty.10 

Single crystal X-ray diffraction is a non destructive analysis and the possibilities 

of success are very high that have increased over the last 15 years with the progress in 

the experimental devices, the improvement of crystal-structure solution and refinement 

methodologies.  
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In single crystal X-ray diffraction analysis, the samples should be unfracturated 

and optically clear single crystals. Crystals size should be between 0.1 and 0.2 

millimeters in three directions of space. They are selected by using an optical 

microscope (x40) which includes a polarizing attachment and observing if light 

extinguishes regularly every 90º when turning the stage of the microscope. 

A selected crystal is fixed on the tip of a thin glass fibre using epoxy or cement, 

or in a loop including specific oil, which fits inside the goniometer head of the 

diffractometer. After that, the crystal is aligned along the beam direction. Stability 

properties of the crystals are necessary. Crystals can be sensitive to light, air and 

moisture, or susceptible to loss of crystallisation solvent. In that case, a special 

treatment is required. They can be fitted into sealed glass capillaries or the data 

collection can be performed at low temperature. 

After the crystal is mounted on the diffractometer, the suitable parameters for 

each measurement such as the distance to the detector and the space of the Ewald sphere 

are selected and then the intensity data are collected. Data are usually obtained between 

3º and 30º 2θ when using molybdenum radiation. A complete data collection requires 

between 3 to 12 hours, depending on the specimen and the diffractometer. Some 

measured intensities allow the calculation of the unit cell parameters. Later, all the 

intensities are indexed and a list of hkl reflections is obtained.11  

Single crystal X-ray diffractions of the synthesized crystals were performed 

using a Rigaku AFC8S diffractometer equipped with Mo Kα (λ=0.71073 Å) radiation 

and a Mercury CCD area detector. Data collection and processing, involving corrections 

for absorption, Lorentz and polarization effects were performed by using the 

CrystalClear software package. Candidate space groups were determined depending on 

systematic absences of the data. 

 

2.3.2. Microscopic Techniques 

Ordinarily, it is better to look at solid samples under magnification to examine 

them that are observed to be similar may be seen very different under the microscope 

because of their various shapes and optical properties.  

Microscopy can be divided into two groups: optical microscopy and electron 

microscopy. 
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2.3.2.1. Optical Microscopy 

Optical microscopy, often referred to as light microscopy, is used to investigate 

particles down to a few micrometers under high magnification. Optical microscopy is 

the oldest and cheapest microscopic method furthermore, its sample preparation is easy. 

However, a conventional optical microscope uses visible radiation (wavelength 400–

700 nm) and cannot resolve images of samples smaller than half the wavelength of the 

light. So, it is better to prefer electron microscopy for submicrometer-sized particles.1 

Figure 2.3 shows a J.P. Selecta Zoom Stereo Microscope which was used. 

 

 

 
Figure 2.3. J.P. Selecta Zoom Stereo Microscope. 

 
 
2.3.2.2. Electron Microscopy 

Electron microscopy is a type of microscopy that uses a beam of electrons to 

create an image of the specimen and is generally preferred for the characterization of 

solids in order to identify the structure, morphology, crystal size and the distribution of 

elements. An electron microscope works with a similar principle with an optical 

microscope but it has much higher magnifications and a greater resolving power than an 

optical microscope for observing smaller objects in finer detail.10  
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2.3.2.2.1. Scanning Electron Microscopy (SEM) 

Observation and characterization of the heterogeneous organic and inorganic 

materials on a nanometer (nm) to micrometer (μm) scale is possible in scanning electron 

microscopy (SEM). It is a popular technique for scientists as a reason of taking three-

dimensional-like images of the surfaces of a very wide range of materials. The main 

components of SEM are the lens system, electron gun, electron collector, visual and 

photorecording cathode ray tubes (CRTs) and associated electronics.12 

According to the principle of the SEM, a very fine probe of electrons changing 

energies from a few hundered eV to tens of keV is focused at the surface of the sample 

and scanned across it in a raster or pattern of paralel lines. Signal comes from electrons 

or radiations can be collected in every position of the incident electron probe. The ratio 

between the dimensions of the final image display and the sample is called as 

magnification that is produced by the scanning microscope. A wide range of 

magnification can be used. The samples sometimes need to be coated with gold or 

graphite for preventing charge building up on the surface.13  Figure 2.4 shows a 

scanning electron microscope. In this study, FEI QUANTA 250 FEG Scanning Electron 

Microscope was used to analyze the synthesized crystals. 

 

 
 

Figure 2.4. Scanning Electron Microscope (SEM). 
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2.3.3. Spectroscopic Techniques 

Spectroscopy is the study of the absorption, emission or scattering of 

electromagnetic radiation by atoms or molecules. Some of the types of spectroscopic 

techniques are vibrational spectroscopy, visible and ultraviolet spectroscopy, nuclear 

magnetic resonance spectroscopy, electron spectroscopies, electron spin resonance 

spectroscopy, Mössbauer spectroscopy, X-ray spectroscopies and mass spectrometry. 

All of these spectroscopic techniques work as absorbing or emitting energy by 

substances under certain conditions.  

Data obtained from spectroscopy is generally presented as a spectrum. The 

spectrum includes X and Y axes. X axis shows the frequency, f, or wavelength, λ, of the 

appropriate radiation and Y axis shows the intensity of absorption or emission.  

In this study, infrared (IR) spectroscopy, a type of vibrational spectroscopy was 

used to determine the products of the catalytic reactions of the synthesized organic-

inorganic hybrid crystals.  

 

2.3.3.1. Infrared Spectroscopy 

Infrared spectroscopy is the study of the interaction between infrared light and 

molecules. In this technique, vibrational modes which involve groups or pairs of atoms 

are excited to higher energy states by absorption of radiation of appropriate frequency. 

Although IR spectra is mostly used for the determination of organic compounds, in 

inorganic solids, covalently bonded linkages can give intense IR peaks. IR spectrum is 

the plot of intensity of absorption or percent transmittance of the material. IR spectrum 

of solids gives lots of peaks. Each peak shows a particular vibrational transition. A 

composition of all peaks demonstrates the molecular samples and sometimes the 

nonmolecular samples.1 

Attenuated total reflection (ATR) is the most widely used technique in infrared 

spectroscopy. This techique requires little or no sample preparation and results can be 

taken with a little care. In this technique, the sample is placed in a contact with the 

sensing element and the spectrum is obtained from this contact.14 

The IR spectra of the synthesized crystals were taken by Perkin-Elmer Spectrum 

100 FT-IR Spectrometer between 4000-400 cm-1.  
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2.3.4. Thermogravimetric Analysis  

Thermogravimetric analysis is one of the types of thermal analysis in which the 

mass of a substance is investigated as a function of temperature or time as the sample 

specimen is subjected to a controlled temperature program in a controlled atmosphere. 

The measurement is generally performed in air or in an inert atmosphere, such as 

Helium or Argon, and the weight is recorded as a function of increasing temperature. 

Occasionally, the measurement is performed in a lean oxygen atmosphere (1 to 5% O2 

in N2 or He) to slow down oxidation.1 Perkin Elmer Diamond TG/DTA instrument was 

used to analyze the crystals. 
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CHAPTER 3 

ORGANIC-INORGANIC HYBRID MATERIALS 

Hybrid materials which includes both organic and inorganic parts are simple and 

suitable for designing on the molecular level. Inorganic part of these materials involves 

transition metal oxides and p-block elements and organic part of them includes organic 

diamine ligands. Secondary metal complexes are also used more complex structures. 

They make bridges between the metal oxide and organic component which cannot make 

bonds directly with metal oxide structure. 

There are different involvements of organonitrogen ligands in metal oxides. 

These are charge compensating cation, ligand bound directly to the metal oxide, ligand 

bound to secondary metal site, ligand on the secondary metal that bound to metal oxide 

structure and briging ligand between secondary metal complexes which are shown from 

a to e respectively in Figure 3.1. 

 

 
 

Figure 3.1. Different functions of organonitrogen ligand. 
(Source: Hagrman et al.3) 
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Crystalline open-framework inorganic materials have been attracted attention 

because of their various structures and their studies in catalysis, adsorption and ion 

exchange. 15 

Open-framework metal phosphates are usually synthesized in different sizes by 

using organic amines under hydrothermal conditions. They have several structures like 

one-dimensional linear chains which include corner-shared four-membered rings, one-

dimensional ladders that have edge-shared four-membered rings, two-dimensional 

layers, three dimensional structures with channels and zero-dimensional metal 

phosphate monomers which involve four-membered rings.16 

The simplest units of open-framework metal phosphates are ordinarily four-

membered rings and because of their greater stability, three-dimensional open-

frameworks are formed much more frequently than the two or one-dimensional ones.  

Organic amine groups in open-framework metal phosphates that mentioned 

before, act as a structure directing or space-filling agent. These groups can also stabilize 

the structure through hydrogen-bonding or other interactions and help in charge 

compensation of the compound.17  

Polyoxometalates (POMs) compose of anionic metal-oxygen clusters formed as 

a result of the connection of [MO]x polyhedra of the early transition metals which have 

their biggest oxidation states. The polyoxometalate structures, can be named as hetero- 

or isopolyacids and hetero- or isopolyanions or polyoxoanions. 

Molybdenum(VI) and tungsten(VI) structures are the most preffered polyoxo 

structures because of their empty d-orbitals for metal-oxygen π-bonding and suitable 

combination of ionic radius and charge.18 

According to lots of reviews polyoxometalates have many applications in 

material science, medicine, catalysis and so forth. 

 

3.1. Structures of Polyoxometalates 

Polyoxometalates (POMs) consist of isopolyanions (IPAs) and heteropolyanions 

(HPAs) based on the number of different atoms except oxygens. Isopolyanions have 

MnO(4nm)
(2nm)- formula, heteropolyanions have XsMnOm

y- formula. Figure 3.2 shows the 

polyhedral representations of an isopolyanion (decavanadate) and heteropolyanions 

(Keggin and Wells-Dawson anions). M can be molybdenium (Mo), tungsten (W), 
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vanadium (V), niobium (Nb) and tantalum (Ta); X in heteropolyanions can be Si(V), 

P(IV), As(III), Ge(IV).19 

 

 
 
Figure 3.2. Polyhedral representations of  (a) decavanadate (V10O28)6- and  (b) Keggin   
                   (PMo12O40)3- (c) Wells-Dawson anions (P2W18O62)6-. (Source: Casan-Pastor   
                   et al.20) 
 
 

In the structures of heteropolyanions, XO4 is the center of the molecule and 

surrounded by MO6 octahedrons where M3O13 is connected by sharing edges and to the 

XO4 center by sharing corners. Keggin structure [XM12O40]x-8 and the Wells-Dawson 

[X2M18O62]2x-16 structure shown in Figure 3.3 and Figure 3.4 are the most common 

types of the studied structures.21  

 

 
 
Figure 3.3. (a) Combination of three octahedra to form a trimetallic group M3O1 

                            (b) Structure of the Keggin type POM. (Source: Ammam19) 
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Figure 3.4. (a) Combination of two octahedra to form a dimetallic group M2O10.            
                   (b) Structure of the Dawson type POM. (Source: Ammam19)  

 
 

3.2. Catalysis of Polyoxometalates 

In the previous years, the harmful effects of chemical substances on enviroment 

has been a subject of the world. So that, preservation and protection of the environment 

for future generations has been encouraged and green chemistry is one of the important 

topic for this effort. In other words, green chemistry includes the chemical products and 

processes that minimise the use of destructive materials. One of the solutions of green 

chemistry is the application of solid acid catalysts. These substances can be used in 

many industries rather than corrosive liquid acids.  

Various types of materials have been used as solid acid catalysts. For example; 

clays, zeolites, sulfated metal oxides and polyoxometalates (POMs). Each of these 

materials has unique properties which can have an effect upon the catalytic activity. 

Among these solid acids, polyoxometalates show a class of structurally well-defined 

clusters with a huge variety in size, metal-oxygen framework topology, composition and 

function.  

 Because of their high acid strength and thermal stability, POMs have been 

commonly used as catalysts for both homogeneous and heterogeneous reactions such as 

esterification, etherification, epoxidation, oxidation, hydrolysis, Friedel-Crafts 

alkylation, hydration of olefin and polymerization of tetrahydrofuran.22 Also, the 
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catalytic usage of polyoxometalates has been a favorite topic because the acidic and 

redox properties of polyoxometalates can be controlled at atomic or molecular levels.23 

Occasionally, catalyst systems have disadvantages, for example, there can be 

some difficulties with catalyst recovery from the reaction mixture and reuse. In order to 

prevent these problems, heterogeneous catalysts containing various transition metals 

such as Ti, Mn, W, V, Co has been largely studied.24 

In the world, energy independence and security come before many subjects for 

lots of countries. It must be known that, the common sources of energy are restricted 

and they are not renewable. For the humankind, it is important to find new energy 

sources that are renewable and eco-friendly.25 

Starch is one of the basic ingredient of various biomass and one of the important 

renewable sources in the nature. It is found in many agricultural foods like potatoes, 

corn, rice, wheat and pasta. It consists of amylose (20-25 %, 1,4-α-linked glucosyl units 

in linear form, water insoluble), and amylopectin (75-80 %, 1,6-α-linked branched, 

water soluble) which are illustrated in Figure 3.5. 

 

 
 

Figure 3.5. Amylose and amylopectin bonds of starch. 
(Source: Sanyang et al.26) 

 
 

The methods which include enzymatic and acidic hydrolysis have been used 

widely for producing glucose from starch. The industry generally preffer the enzymatic 

method rather than the acidic one because it is environmentally friendly and having high 

yields under mild conditions although it is an expensive method.27 In the literature, there 

are different studies which are altarnative to enzymatic method. Euis Hermiati et al. 

reported the production of glucose from starch by using microwave irradiation and 

activated carbon for 5 m n at 200-220 ̊C but they could not el m nate the byproducts 

completely.28 Orozco et al. reported the  hydrolysis of starch using hot compressed 

water includes high pressure CO2 for producing glucose in order to used in biohydrogen 
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production. However, hydroxy methyl furfural (HMF) was observed as a byproduct and 

it was eliminated by using activated carbon.29 Yamaguchi et al., used carbon based solid 

catalyst involving acidic -COOH, phenolic OH and SO3H functional groups.30 

In this thesis, as an alternative way for the starch hydrolysis techniques obtained 

in the literature, catalytic activity of the synthesized polyoxometalates was studied as an 

acidic hydrolysis by using hydrothermal method. 

 

3.3. Synthesis and Characterization of Polyoxometalates 

In this study, the synthesis and characterization of three novel crystals were 

done. The crystals were synthesized by hydrothermal reaction and characterized by 

SEM-EDX, powder X-ray diffraction analysis, single crystal X-ray diffraction analysis 

and thermogravimetric analysis methods. 

 

3.3.1. Synthesis and Characterization of (4,4’-bpyH2)3[PCuW11O39] 

(4,4’-bpyH2)3[PCuW11O39] yellow crystals were synthesized by hydrothermal 

reaction of Na2WO4.2H2O (0.3023 g), CuSO4.5H2O (0.0958 g), 4,4’-bipyridine (0.0408 

g), 5M H3PO4 (0.5 ml) and H2O (7.0 ml) at 170˚C for 3 days in a 23 ml Teflon-lined 

autoclave. Na2WO4.2H2O (Sigma-Aldrich, 99%), CuSO4.5H2O (Merck, 99%), 4,4’-

bipyridine (Merck, 98%), 5M H3PO4 (Sigma-Aldrich, 85%) were used without needing 

any purification.   

After all reactants were added into the teflon vessel, the mixture was stirred for 5 

minutes under laboratory conditions. Then, teflon vessel was placed into the steel 

autoclave and heated at 170˚C for 3 days in oven. When the reaction finished, the 

autoclave was slowly cooled to the room temperature. The product was filtered by using 

vacuum filtration and washed a few times with pure water. The yellow crystals were 

observed on filter paper by optical microscope. Crystals were characterized by SEM-

EDX, powder X-ray diffraction, single crystal X-ray diffraction and thermogravimetric 

analysis methods. 

As it is seen from the SEM/EDX results of the yellow crystals indicated in 

Figure 3.6, the compound includes Cu, W, O, P, C, N elements in the weight 

percentages 1.23%, 42.24%, 27.05%, 1.08%, 23.79% and 4.61% respectively.  
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                      Na2WO4.2H2O + CuSO4.5H2O + 4,4’-bpy + H3PO4 + H2O                  (3.1)                        
                           0.3023 g            0.0958 g         0.0408 g     0.5 ml    7 ml 

 
 

 

 
                                                                                                                        

 
The synthesized compound was analyzed by powder X-ray diffraction method. 

The powder peaks of the compound included in Figure 3.7 did not match well with any 

compound in the XRD database. 

 

 
 

Figure 3.6. SEM/EDX spectrum of (4,4’-bpyH2)3[PCuW11O39]. 
 

 

 
 

Figure 3.7. XRD spectrum of (4,4’-bpyH2)3[PCuW11O39]. 
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The change in the weight of (4,4’-bpyH2)3[PCuW11O39] was measured as a 

function of temperature and the presence of the organic groups was determined. The 

thermogravimetric analysis of the compound whose graph is shown in Figure 3.8 was 

performed between 30 and 1000˚C in nitrogen atmosphere. The f rst we ght loss of 

1.0% occurs between 100 and 700 ̊C, and s ass gned to the removal of mpur t es and 

the surface water. The second continuous weight loss of approximately 15.0% (calcd. 

14.7%), occurs in the temperature range 700–1000 ̊C and corresponds to the release of 

three 4,4’-bipyridine molecules.   

 

 
 

 
 

 
 

 
 

 

 
 

Figure 3.8. TGA graph of (4,4’-bpyH2)3[PCuW11O39]. 
 
 
3.3.1.1. X-ray Crystallographic Analysis of (4,4’-bpyH2)3[PCuW11O39] 

Single crystal X-ray diffraction of the resulting crystals was applied by using a 

Rigaku AFC8S diffractometer equipped with Mo Kα (λ=0.71073 Å) radiation and a 

Mercury CCD area detector. Data collection and processing involving corrections for 

absorption and Lorentz and polarization effects were applied by using the CrystalClear 

software package (Version 1.3. Rigaku Corporation, Japan and MSC, The Woodlands, 

Texas, USA). Candidate space groups were established due to the systematic absences 

of the data. The structures were solved by direct methods and refined by full-matrix 

least squares on F2 using the SHELXTL software package. All atoms were refined 

anisotropically in the structures.  
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Crystallographic data are given in Table 3.1. Selected bond lengths (Å) and 

bond angles (degree) for (4,4’-bpyH2)3[PCuW11O39] are given in Table 3.2 and Table 

3.3 respectively. The complete tables are shown in Appendix A and Appendix B. 

 

Table 3.1. Crystallographic data for (4,4’-bpyH2)3[PCuW11O39]. 
  

 (1) 
Empirical Formula C30H30CuN6O39PW11 
Formula weight 2731.21 
Space group P2(1)/n 
  
a, Å 13.519(3) 
b, Å 26.824(5) 
c, Å 15.199(3) 
α, ° 90.00 
β, ° 99.47(3) 
γ, ° 90.00 
V, Å3 5436.4(19) 
Z 4 
Dcalc, Mg/m3 3.337 
  
Parameters 793 
μ, mm-1 21.562 
θ range, ° 2.65-25.98 
Reflections  
Collected 48701 
Independent 10579 
Observed [I≥2σ(I)] 9590 
R (int) 0.0655 
  
Final R (obs. data)a  
       R1 0.0854 
       wR2 0.1144 
Final R (all data)  
       R1 0.0929 
       wR2 0.1156 
  
Goodness of fit on F2 2.479 
  
Largest diff. peak, e/Å3 5.178 

Largest diff. hole, e/Å3 -3.312 
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Table 3.2. Selected bond lengths (Å) for (4,4’-bpyH2)3[PCuW11O39]. 
 

                                                                                                                      

 

Table 3.3. Selected bond angles (°) for (4,4’-bpyH2)3[PCuW11O39]. 
 

O(34) – W(1) – O(1) 103.5(8) W(9) – O(40) – W(11) 88.3(4) 
O(34) – W(1) – O(29) 102.6(8) W(7) – O(40) – W(11) 88.6(5) 
O(32) – W(2) – O(13) 101.0(8) O(40) – P(1) – O(28) 109.6(9) 
O(32) – W(2) – O(4) 99.9(8) O(39) – P(1) – O(28) 110.4(8) 
O(7) – W(3) – O(8) 101.7(8) W(10) – O(26) – W(8) 125.7(8) 
O(7) – W(3) – O(6) 101.5(8) W(4) – O(11) – W(12) 123.4(8) 

O(31) – W(4) – O(11) 100.7(8) W(2) – O(28) – W(12) 90.3(5) 
O(31) – W(4) – O(12) 104.7(7) W(4) – O(28) – W(12) 88.7(5) 
O(19) – W(5) – O(14) 105.2(8) W(3) – O(6) – W(1) 126.2(9) 
O(19) – W(5) – O(16) 104.2(8) W(12) – O(22) – W(7) 145.5(11) 
O(33) – W(6) – O(47) 102.4(8) W(4) – O(12) – W(10) 153.3(8) 
O(33) – W(6) – O(43) 100.6(8) W(10) – O(21) – W(6) 128.0(9) 
O(35) – W(7) – O(24) 99.8(8) W(8) – O(39) – W(10) 89.9(4) 
O(35) – W(7) – O(23) 103.0(7) W(6) – O(39) – W(10) 89.3(5) 
O(36) – W(8) – O(45) 102.9(7) W(1) – O(2) – W(4) 151.7(10) 
O(36) – W(8) – O(23) 102.9(8) W(1) – O(5) – W(9) 151.7(10) 
O(25) – W(9) – O(46) 91.7(7) P(1) – O(28) – W(2) 126.2(8) 
O(37) – W(9) – O(8) 101.6(7) P(1) – O(28) – W(4) 127.6(9) 

O(30) – W(10) – O(21) 102.4(9) P(1) – O(40) – W(9) 128.5(9) 
O(30) – W(10) – O(1) 103.2(9) P(1) – O(40) – W(7) 125.8(7) 
O(27) – W(11) – O(47) 104.6(8) P(1) – O(39) – W(8) 125.3(8) 
O(27) – W(11) – O(24) 99.1(8) P(1) – O(39) – W(6) 125.2(7) 
O(22) – W(12) – O(45) 90.7(8) P(1) – O(15) – W(5) 125.2(8) 
O(22) – W(12) – O(27) 99.8(7) P(1) – O(15) – W(3) 124.1(9) 
O(45) – W(12) – O(27) 99.9(8) P(1) – O(40) – W(11) 123.0(9) 

W(1) – O(34) 1.711(16) W(8) – O(45) 1.868(17) 
W(1) – O(1) 1.910(17) W(9) – O(5) 1.975(17) 
W(2) – O(32) 1.711(15) W(9) – O(37) 1.688(14) 
W(2) – O(4) 1.896(16) W(9) – O(46) 1.905(16) 
W(3) – O(7) 1.713(15) W(10) – O(30) 1.711(16) 
W(3) – O(8) 1.885(16) W(10) – O(21) 1.878(18) 
W(4) – O(31) 1.712(16) W(11) – O(27) 1.881(19) 
W(4) – O(11) 1.865(16) W(11) – O(47) 1.920(16) 
W(5) – O(19) 1.708(16) W(12) – O(22) 1.883(17) 
W(5) – O(14) 1.858(16) W(12) – O(45) 1.893(16) 
W(6) – O(33) 1.710(16) P(1) – O(40) 1.539(15) 
W(6) – O(47) 1.833(17) P(1) – O(39) 1.563(13) 
W(7) – O(35) 1.720(17) P(1) – O(28) 1.583(15) 
W(7) – O(24) 1.903(18) P(1) – O(15) 1.608(16) 
W(8) – O(36) 1.691(14) Cu(12) – O(27) 1.932(18) 
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3.3.1.2. Results and Discussion for (4,4’-bpyH2)3[PCuW11O39] 

The crystal (4,4’-bpyH2)3[PCuW11O39] was synthesized by hydrothermal 

method from the reaction of Na2WO4.2H2O, CuSO4.5H2O, 4,4’-bipyridine and H3PO4.  

As a result of single crystal X-ray diffraction, it is determined that the structure 

contains [PCuW11O39]5- Keggin polyanion clusters, 4,4’-bipyridine ligands and water 

molecules. Keggin polyanion cluster includes 12 edge-and-corner sharing WO6 

octahedra and there is a PO4 tetrahedra at the center that is shown in Figure 3.9. 

[PCuW11O39]5- polyanion cluster shares its one oxygen with another [PCuW11O39]5- 

polyanion cluster and forms the chain structure that is illustrated in Figure 3.10. The 

chain structures and water molecules have C-H…O hydrogen bond interactions between 

eachother. 

 

 

 
Figure 3.9. The view of [PCuW11O39]5- Keggin polyanion cluster. 
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Figure 3.10. The chain structure of [PCuW11O39]5-Keggin polyanions. 

 
 

In the unitcell that is indicated in Figure 3.11 , there are four polyanion clusters 

and 4,4’-bipyridine ligands between these clusters. WO6 octahedral structures include 

three different W-O bonds. These are; W-Ot (terminal) bonds whose distances range 

from 1.688(23) to 1.721(16) Å which indicates a W=O multiple bond, W-Ob (bridging) 

bonds whose distances range from 1.904(16) to 1.997(33) Å and W-Oc (central) bonds 

range from 2.365(29) to 2.457(15) Å respectively. Besides, the distances of P-O bond 

distances are between 1.539(15) and 1.608(16) Å. 
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Figure 3.11. The unitcell view of (4,4’-bpyH2)3[PCuW11O39]. 
  
 

The bond valence sums of (4,4’-bpyH2)3[PCuW11O39] were calculated by Bond 

Valence Sum, BVS method developed by ID Brown. The results of these calculations 

show that, the oxidation states of W, P, O and Cu atoms of the structure are 6+, 5+, 2- 

and 1+ respectively. Only the valence sums of W(11) and W(12) are 5.275 and 5.367 

alternately and these atoms share the same position with Cu(11) and Cu(12). These 

cobalt atoms are in the same crystallographic position with 50% occupancy factor. The 

compound needs 5+ valence cations and they are provided by 4,4’-bipyridine ligands. 

These ligands change into 4,4’-bpyH2
2+ cation easily in acidic medium. It is thought 

that, the organic part of the synthesized material includes bipyridinium cation and 

bipyridinium radical cation. Bond valence sums table of (4,4’-bpyH2)3[PCuW11O39] is 

shown in Appendix G. 
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3.3.2. Synthesis and Characterization of (4,4’- bpyH2)   
          [H2PW12O40]2.H2O 

(4,4’-bpyH2)[H2PW12O40]2.H2O colorless crystals were synthesized by 

hydrothermal reaction of Na2WO4.2H2O (0.3265 g), Co(NO3)2.6H2O (0.2982 g), 4,4’-

bipyridine (0.1054 g), 5M H3PO4 (2.0 ml) and H2O (7.0 ml) at 170˚C for 3 days in a 23 

ml Teflon-lined autoclave. Na2WO4.2H2O (Sigma-Aldrich, 99%), Co(NO3)2.6H2O 

(Merck, 99%), 4,4’-bipyridine (Merck, 98%), 5M H3PO4 (Sigma-Aldrich, 85%) were 

used without needing any purification.    

After all reactants were added into the teflon vessel, the mixture was stirred for 

10 minutes under laboratory conditions. Then, teflon vessel was placed into the steel 

autoclave and heated at 170˚C for 3 days in oven. When the reaction finished, the 

autoclave was slowly cooled to the room temperature. The product was filtered by using 

vacuum filtration and washed a few times with pure water. The colorless crystals were 

observed on filter paper by optical microscope. Crystals were characterized by SEM-

EDX, powder X-ray diffraction, single crystal X-ray diffraction and thermogravimetric 

analysis methods. 

 
 

                 Na2WO4.2H2O + Co(NO3)2.6H2O + 4,4’-bpy + H3PO4 + H2O                  (3.2)                         
                       0.3265 g               0.2982 g          0.1054 g     2.0 ml    7 ml 

 
 

 

 
                                                                                                                        

 
As it is seen from the SEM/EDX results of the yellow crystals indicated in 

Figure 3.12, the compound includes W, O, P, C, N elements in the weight percentages 

51.34%, 27.95%, 0.88%, 17.79% and 1.73% respectively.  

The synthesized compound was analyzed by powder X-ray diffraction method. 

The powder peaks of the compound included in Figure 3.13 did not match well with any 

compound in the XRD database. 

 

170 ° C 3 days 

colorless crystals 
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Figure 3.12. SEM/EDX spectrum of (4,4’-bpyH2)[H2PW12O40]2.H2O. 
 
 

 

 
 

Figure 3.13. XRD spectrum of (4,4’-bpyH2)[H2PW12O40]2.H2O. 
 
 

The change in the weight of (4,4’-bpyH2)[H2PW12O40]2.H2O was measured as a 

function of temperature and the presence of the organic groups was determined. The 

thermogravimetric analysis of the crystal whose graph is shown in Figure 3.14 was 

performed between 30 and 1000˚C in nitrogen atmosphere. The f rst we ght loss of 
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1.0% occurs between 100 and 600 ̊C, and s ass gned to the removal of mpur t es and 

surface water. The second cont nuous we ght loss of approx mately 3.0% (calcd. 

2.66%), occurs n the temperature range 600–700 ̊C and corresponds to the release of 

4,4’bipyridine molecule.  Lastly, the weight loss between 700–800 ̊C nd cates the 

removal of impurities. 

 

 
 

Figure 3.14. TGA graph of (4,4’-bpyH2)[H2PW12O40]2.H2O.  
 
 

3.3.2.1. X-ray Crystallographic Analysis of (4,4’-bpyH2)   
             [H2PW12O40]2.H2O 

Single crystal X-ray diffraction of the resulting crystals was applied by using a 

Rigaku AFC8S diffractometer equipped with Mo Kα (λ=0.71073 Å) radiation and a 

Mercury CCD area detector. Data collection and processing involving corrections for 

absorption and Lorentz and polarization effects were applied by using the CrystalClear 

software package (Version 1.3. Rigaku Corporation, Japan and MSC, The Woodlands, 

Texas, USA). Candidate space groups were established due to the systematic absences 

of the data. The structures were solved by direct methods and refined by full-matrix 

least squares on F2 using the SHELXTL software package. All atoms were refined 

anisotropically in the structures.  
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Crystallographic data are given in Table 3.4. Selected bond lengths (Å) and 

bond angles (degree) for (4,4’bpyH2)[H2PW12O40]2.H2O are given in Table 3.5 and 

Table 3.6 respectively. The complete tables are shown in Appendix C and Appendix D. 

 

Table 3.4. Crystallographic data for (4,4’-bpyH2)[H2PW12O40]2.H2O. 
 

 (1) 
Empirical Formula P2W24O80C10H8N2 
Formula weight 3011.35 
Space group Ia-3 
  
a, Å 25.936(3) 
b, Å 25.936(3) 
c, Å 25.936(3) 
α, ° 90.00 
β, ° 90.00 
γ, ° 90.00 
V, Å3 17446(3) 
Z 12 
Dcalc, Mg/m3 3.440 
  
Parameters 234 
μ, mm-1 23.734 
θ range, ° 1.92-25.23 
Reflections  
Collected 73659 
Independent 2637 
Observed [I≥2σ(I)] 2513 
R (int) 0.1000 
  
Final R (obs. data)a  
       R1 0.0560 
       wR2 0.1366 
Final R (all data)  
       R1 0.0592 
       wR2 0.1388 
  
Goodness of fit on F2 1.196 
  
Largest diff. peak, 
e/Å3 

1.901 

Largest diff. hole, 
e/Å3 

-2.178 
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Table 3.5. Selected bond lengths (Å) for (4,4’-bpyH2)[H2PW12O40]2.H2O. 
 

 

 

Table 3.6. Selected bond angles (°) for (4,4’-bpyH2)[H2PW12O40]2.H2O. 
 

O(2) – W(1) – O(10) 103.4(11)   W(2) – O(5) – W(4) 140.5(11) 
O(2) – W(1) – O(1) 101.7(9) W(4) – O(11) – W(2) 140.6(11)   
O(3) – W(1) – O(10) 82.6(9) W(1) – O(10) – W(1) 140.0(15) 
O(2) – W(1) – O(14) 158.8(10) W(4) – O(16) – W(4) 93.4(9) 
O(12) – W(2) – O(11) 100.7(11) O(13) – P(1) – O(14) 72.5(8)   
O(5) – W(2) – O(11) 155.1(10) O(13) – P(1) – O(14) 107.5(8) 
O(12) – W(2) – O(5) 104.1(11) O(14) – P(1) – O(14) 180.0(4) 
O(12) – W(2) – O(4) 102.1(11) O(15) – P(2) – O(15) 66.4(6)   
O(11) – W(2) – O(4) 85.2(9) O(15) – P(2) – O(15) 113.6(6) 
O(12) – W(2) – O(15) 160.0(11) O(15) – P(2) – O(15) 180.0(2) 
O(1) – W(3) – O(13) 64.1(8) O(15) – P(2) – O(16) 75.1(8) 
O(7) – W(3) – O(13) 93.2(8) O(15) – P(2) – O(16) 104.9(8) 
O(6) – W(3) – O(3) 102.2(10) O(16) – P(2) – O(16) 180.0(2) 
O(6) – W(3) – O(7) 101.4(10) P(1) – O(13) – W(3) 126.8(12) 
O(7) – W(3) – O(13) 64.7(8) O(15) – P(2) – O(15) 180.0(2) 
O(1) – W(3) – O(13) 64.1(8) O(15) – P(2) – O(16) 75.1(8) 
O(8) – W(4) – O(11) 100.7(9) O(15) – P(2) – O(16) 104.9(8) 
O(9) – W(4) – O(11) 88.5(10) O(16) – P(2) – O(16) 180.0(2) 
O(8) – W(4) – O(9) 105.0(11) P(1) – O(13) – W(3) 126.8(12) 
O(8) – W(4) – O(11) 100.7(9) P(1) – O(13) – W(3) 124.6(12) 
O(11) – W(4) – O(5) 86.9(8) W(4) – O(16) – W(4) 93.4(9) 
O(9) – W(4) – O(9) 89.1(11) W(1) – O(10) – W(1) 140.0(15) 
W(3) – O(3) – W(1) 140.6(11)   O(13) – P(1) – O(13) 111.4(8) 
W(3) – O(7) – W(3) 138.1(13) O(13) – P(1) – O(13) 68.6(8) 
W(4) – O(9) – W(4) 141.3(14) O(13) – P(1) – O(13) 180.0(19)   

W(1) – O(2) 1.647(13) W(3) – O(7) 1.859(19) 
W(1) – O(10) 1.844(18) W(3) – O(1) 1.929(16) 
W(1) – O(1) 1.853(18) W(3) – O(7) 1.956(18) 
W(1) – O(3) 1.924(18) W(3) – O(13) 2.450(2) 
W(1) – O(10) 1.940(2) W(3) – O(13) 2.490(2) 
W(1) – O(14) 2.420(2) W(4) – O(8) 1.647(14) 
W(2) – O(12) 1.669(18) W(4) – O(9) 1.850(2) 
W(2) – O(5) 1.836(17) W(4) – O(11) 1.894(19) 
W(2) – O(4) 1.869 (19) W(4) – O(9) 1.907(19) 
W(2) – O(4) 1.921(18) W(4) – O(5) 1.950(2) 
W(2) – O(11) 1.900(17) W(4) – O(16) 2.433(2) 
W(2) – O(15) 2.430(2) P(1) – O(13) 1.500(2) 
W(2) – O(15) 2.480(2) P(1) – O(14) 1.620(4) 
W(3) – O(6) 1.676(15) P(2) – O(15) 1.490(2) 
W(3) – O(3) 1.856(16) P(2) – O(16) 1.590(3) 
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3.3.2.2. Results and Discussion for (4,4’-bpyH2)[H2PW12O40]2.H2O 

The crystal (4,4’-bpyH2)[H2PW12O40]2.H2O was synthesized by hydrothermal 

method from the reaction of Na2WO4.2H2O, Co(NO3)2.6H2O, 4,4’-bipyridine and 

H3PO4.  

As a result of single crystal X-ray diffraction, it is determined that the structure 

contains two [H2PW12O40]- Keggin polyanion clusters, 4,4’-bipyridine ligand and water 

molecules. Keggin polyanion cluster includes 12 edge-and-corner sharing WO6 

octahedra and there is a PO4 tetrahedra at the center that is shown in Figure 3.15 and 

polyhedral structure is illustrated in Figure 3.16. The clusters and water molecules have 

C-H…O hydrogen bond interactions between eachother. 

 

 
 

Figure 3.15. The view of Keggin polyanion cluster. 
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Figure 3.16. The polyhedral structure of Keggin polyanions. 
 
 

In the unitcell that is indicated in Figure 3.17, there are twelve polyanion 

clusters and 4,4’-bipyridine ligands and water molecules between these clusters. WO6 

octahedral structures include three different W-O bonds. These are; W-Ot (terminal) 

bonds whose distances range from 1.647(13) to 1.676(15) Å which represents a W=O 

multiple bond, W-Ob (bridging) bonds whose distances range from 1.836(17) to 

1.956(18) Å and W-Oc (central) bonds range from 2.420(2) to 2.490(2) Å respectively. 

Besides, the distances of P-O bond distances are between 1.50(2) and 1.62(4) Å. 

C
N
O
P
W



 

34 

 

 
Figure 3.17. The unitcell view of (4,4’-bpyH2)[H2PW12O40]2.H2O. 

 
 

The bond valence sums of (4,4’-bpyH2)[H2PW12O40]2.H2O were calculated by 

Bond Valence Sum, BVS method developed by ID Brown. The results of these 

calculations show that, the oxidation states of W, P, O atoms of the structure are 6+, 5+, 

and 2- respectively. The compound needs 2+ valence cations and they are provided by 

4,4’-bipyridine ligand. These ligand changes into 4,4’-bpyH2
2+ cation easily in acidic 

medium. It is thought that, the organic part of the synthesized material includes 

bipyridinium cation. Bond valence sums table of (4,4’-bpyH2)[H2PW12O40]2.H2O is 

shown in Appendix H. 
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3.3.3. Synthesis and Characterization of (4,4’-bpyH2)4[H2P2W18O62]2 

(4,4’-bpyH2)4[H2P2W18O62]2 dark yellow rod-like crystals were synthesized by 

hydrothermal reaction of Na2WO4.2H2O (0.3318 g), CuSO4.5H2O (0.1226 g), 4,4’-

bipyridine (0.0414 g), 5M H3PO4 (1.5 ml) and H2O (7.0 ml) at 170˚C for 3 days in a 23 

ml Teflon-lined autoclave. Na2WO4.2H2O (Sigma-Aldrich, 99%), CuSO4.5H2O (Merck, 

99%), 4,4’-bipyridine (Merck, 98%), 5M H3PO4 (Sigma-Aldrich, 85%) were used 

without needing any purification.   

After all reactants were added into the teflon vessel, the mixture was stirred for 5 

minutes under laboratory conditions. Then, teflon vessel was placed into the steel 

autoclave and heated at 170˚C for 3 days in oven. When the reaction finished, the 

autoclave was slowly cooled to the room temperature. The product was filtered by using 

vacuum filtration and washed a few times with pure water. The dark yellow crystals 

were observed on filter paper by optical microscope. Crystals were characterized by 

SEM-EDX, powder X-ray diffraction, single crystal X-ray diffraction and 

thermogravimetric analysis methods. 

 
                  

                      Na2WO4.2H2O + CuSO4.5H2O + 4,4’-bpy + H3PO4 + H2O                  (3.3)                        
                             0.3318 g           0.1226 g        0.0414 g    1.5 ml     7 ml 

 
 

 

 
                                                                                                                        

 
As it is seen from the SEM/EDX results of the dark yellow crystals indicated in 

Figure 3.18, the compound includes W, O, P, C, N elements in the weight percentages 

52.10%, 17.73%, 0.93%, 27.29% and 1.91% respectively.  

The synthesized compound was analyzed by powder X-ray diffraction method. 

The powder peaks of the compound included in Figure 3.19 did not match well with any 

compound in the XRD database. 

 

170 ° C 3 days 

dark yellow crystals 
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Figure 3.18. SEM/EDX spectrum of (4,4’-bpyH2)4[H2P2W18O62]2. 
 
 

 

 
 

Figure 3.19. XRD spectrum of (4,4’-bpyH2)4[H2P2W18O62]2. 
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The change in the weight of (4,4’-bpyH2)4[H2P2W18O62]2 was measured as a 

function of temperature and the presence of the organic groups was determined. The 

thermogravimetric analysis of the crystal whose graph is shown in Figure 3.20 was 

performed between 30 and 1000˚C in nitrogen atmosphere. The f rst we ght loss of 

1.0% occurs between 100 and 700 ̊C, and s ass gned to the removal of mpur t es. The 

second cont nuous we ght loss of approx mately 7.0% (calcd. 6.75%), occurs n the 

temperature range 700–900 ̊C and corresponds to the release of three 4,4’bipyridine 

molecules. Lastly, the weight loss between 900–1000 ̊C nd cates the removal of 

impurities. 

 

 
 

Figure 3.20. TGA graph of (4,4’-bpyH2)4[H2P2W18O62]2. 
 
 
3.3.3.1. X-ray Crystallographic Analysis of (4,4’-bpyH2)4[H2P2W18O62]2 

Single crystal X-ray diffraction of the resulting crystals was applied by using a 

Rigaku AFC8S diffractometer equipped with Mo Kα (λ=0.71073 Å) radiation and a 

Mercury CCD area detector. Data collection and processing involving corrections for 

absorption and Lorentz and polarization effects were applied by using the CrystalClear 

software package (Version 1.3. Rigaku Corporation, Japan and MSC, The Woodlands, 

Texas, USA).  

Candidate space groups were established due to the systematic absences of the 

data. The structures were solved by direct methods and refined by full-matrix least 
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squares on F2 using the SHELXTL software package. All atoms were refined 

anisotropically in the structures.  

Crystallographic data are given in Table 3.7. Selected bond lengths (Å) and 

bond angles (degree) for (4,4’-bpyH2)4[H2P2W18O62]2 are given in Table 3.8 and Table 

3.9 respectively. The complete tables are shown in Appendix E and Appendix F. 

 

Table 3.7. Crystallographic data for (4,4’-bpyH2)4[H2P2W18O62]2. 
 

 (1) 
Empirical Formula P4W36O124C40H44N8 
Formula weight 4375.09 
Space group P-1 
   
a, Å 13.519(3) 
b, Å 22.400(5) 
c, Å 27.374(6) 
α, ° 79.83(3) 
β, ° 77.44(3) 
γ, ° 80.21(3) 
V, Å3 7889(3) 
Z 4 
Dcalc, Mg/m3 3.683 
  
Parameters 901 
μ, mm-1 25.064 
θ range, ° 1.9681-26.69 
Reflections  
Collected 74178 
Independent 32579 
Observed [I≥2σ(I)] 23195 
R (int) 0.0831 
  
Final R (obs. data)a  
       R1 0.1127 
       wR2 0.3037 
Final R (all data)  
       R1 0.1408 
       wR2 0.3489 
  
Goodness of fit on 
F2 

1.207 

  
Largest diff. peak, 
e/Å3 

12.061 

Largest diff. hole, 
e/Å3 

-11.134 
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Table 3.8. Selected bond lengths (Å) for (4,4’-bpyH2)4[H2P2W18O62]2. 
 

W(1) – O(36) 1.67(3) W(23) – O(32) 1.69(2) 
W(1) – O(23) 1.89(2) W(23) – O(10) 1.86(2) 
W(2) – O(33) 1.73(2) W(24) – O(31) 1.71(2) 
W(2) – O(18) 1.84(2) W(24) – O(11) 1.91(2) 
W(3) – O(48) 1.72(3) W(25) – O(108) 1.72(3) 
W(3) – O(4) 1.93(2) W(25) – O(9) 1.89(2) 

W(4) – O(61) 1.71(2) W(26) – O(103) 1.68(3) 
W(4) – O(52) 1.89(2) W(26) – O(109) 1.88(3) 
W(5) – O(86) 1.75(3) W(27) – O(114) 1.75(3) 
W(5) – O(19) 1.91(2) W(27) – O(37) 1.87(2) 
W(6) – O(49) 1.72(2) W(28) – O(29) 1.72(2) 
W(6) – O(22) 1.86(2) W(28) – O(79) 1.86(2) 
W(7) – O(7) 1.73(3) W(29) – O(104) 1.63(2) 

W(7) – O(21) 1.85(2) W(29) – O(55) 1.87(2) 
W(8) – O(106) 1.73(3) W(30) – O(92) 1.74(2) 
W(8) – O(14) 1.87(2) W(30) – O(93) 1.90(2) 
W(9) – O(58) 1.95(2) W(31) – O(116) 1.84(3) 
W(9) – O(53) 1.96(2) W(31) – O(62) 1.86(2) 

W(10) – O(30) 1.70(3) W(32) – O(121) 1.71(3) 
W(10) – O(63) 1.89(3) W(32) – O(109) 1.90(3) 
W(11) – O(44) 1.65(3) W(33) – O(122) 1.70(3) 
W(11) – O(43) 1.88(2) W(33) – O(82) 1.85(3) 
W(12) – O(111) 1.72(3) W(34) – O(124) 1.80(4) 
W(12) – O(38) 1.87(3) W(34) – O(81) 1.90(3) 
W(13) – O(17) 1.72(3) W(35) – O(40) 1.92(2) 
W(13) – O(24) 1.91(2) W(35) – O(82) 1.95(3) 
W(14) – O(41) 1.72(2) W(36) – O(96) 1.76(3) 
W(14) – O(15) 1.87(2) W(36) – O(83) 1.87(2) 
W(15) – O(60) 1.74(2) W(36) – O(91) 2.32(3) 
W(15) – O(42) 1.83(2) P(1) – O(67) 1.51(2) 
W(16) – O(25) 1.72(2) P(1) – O(66) 1.53(2) 
W(16) – O(20) 1.844(18) P(1) – O(76) 1.58(3) 
W(17) – O(80) 1.75(2) P(2) – O(68) 1.52(2) 
W(17) – O(53) 1.90(2) P(2) – O(98) 1.52(3) 
W(18) – O(12) 1.87(2) P(2) – O(70) 1.59(2) 
W(18) – O(88) 1.89(2) P(2) – O(74) 1.65(2) 
W(19) – O(102) 1.69(3) P(3) – O(72) 1.46(2) 
W(19) – O(16) 1.86(2) P(3) – O(71) 1.48(2) 
W(20) – O(119) 1.73(3) P(3) – O(69) 1.53(2) 

W(20) – O(2) 1.86(2) P(3) – O(77) 1.57(2) 
W(21) – O(105) 1.74(3) P(4) – O(85) 1.51(2) 
W(21) – O(115) 1.85(2) P(4) – O(78) 1.52(3) 
W(22) – O(79) 1.95(2) P(4) – O(73) 1.56(2) 
W(22) – O(16) 1.95(2) P(4) – O(91) 1.63(3) 
W(22) – O(98) 2.45(2) Cu(1) – O(29) 4.00(4) 
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Table 3.9. Selected bond angles (°) for (4,4’-bpyH2)4[H2P2W18O62]2. 
 

O(36) – W(1) – O(23) 100.1(11) O(11) – W(24) – O(77) 84.1(8) 
O(36) – W(1) – O(52) 104.3(11) O(64) – W(24) – O(77) 84.8(9) 
O(33) – W(2) – O(18) 98.5(10) O(9) – W(25) – O(13) 86.7(9) 
O(59) – W(2) – O(69) 72.7(8) O(95) – W(25) – O(13) 86.7(10) 
O(48) – W(3) – O(4) 98.6(11) O(5) – W(26) – O(78) 81.8(8) 
O(48) – W(3) – O(89) 96.4(11) O(40) – W(26) – O(78) 81.6(9) 
O(52) – W(4) – O(66) 82.0(9) O(37) – W(27) – O(12) 163.4(10) 
O(10) – W(4) – O(66) 72.7(9) O(27) – W(27) – O(12) 88.7(10) 
O(86) – W(5) – O(19) 100.7(10) O(5) – W(28) – O(68) 81.6(8) 
O(86) – W(5) – O(50) 97.4(11) O(3) – W(28) – O(68) 73.6(7) 
O(49) – W(6) – O(22) 97.0(11) O(55) – W(29) – O(13) 164.1(9) 
O(49) – W(6) – O(26) 99.4(10) O(8) – W(29) – O(13) 87.7(10) 
O(7) – W(7) – O(21) 99.3(11) O(92) – W(30) – O(28) 100.5(10) 
O(7) – W(7) – O(39) 102.0(11) O(93) – W(30) – O(28) 85.9(10) 
O(89) – W(8) – O(74) 85.2(9) O(62) – W(31) – O(90) 90.2(10) 
O(97) – W(8) – O(74) 71.5(9) O(6) – W(31) – O(90) 87.4(9) 
O(54) – W(9) – O(94) 103.3(11) O(110) – W(32) – O(85) 72.4(10) 
O(54) – W(9) – O(46) 99.6(12) O(117) – W(32) – O(85) 81.3(10) 
O(30) – W(10) – O(63) 101.7(12) O(82) – W(33) – O(118) 87.8(12) 
O(30) – W(10) – O(1) 95.9(12) O(56) – W(33) – O(118) 158.1(11) 
O(44) – W(11) – O(43) 96.7(11) O(37) – W(34) – O(85) 83.4(9) 
O(44) – W(11) – O(47) 100.1(11) O(83) – W(34) – O(85) 83.4(9) 
O(38) – W(12) – O(71) 81.8(9) O(40) – W(35) – O(91) 85.7(10) 
O(24) – W(12) –O(71) 73.1(9) O(82) – W(35) – O(91) 71.2(11) 
O(17) – W(13) – O(24) 98.7(12) O(96) – W(36) – O(87) 101.8(12) 
O(17) – W(13) – O(55) 100.1(12) O(83) – W(36) – O(87) 86.2(10) 
O(15) – W(14) – O(67) 82.2(8) O(67) – P(1) – O(65) 111.2(12) 
O(8) – W(14) – O(67) 84.8(8) O(66) – P(1) – O(65) 113.0(12) 
O(60) – W(15) – O(42) 102.7(11) O(68) – P(2) – O(98) 113.4(13) 
O(60) – W(15) – O(15) 99.6(10) O(68) – P(2) – O(70) 110.7(11)  
O(20) – W(16) – O(70) 86.2(7) O(72) – P(3) – O(71) 111.8(12) 
O(1) – W(16) – O(70) 84.2(9) O(72) – P(3) – O(69) 109.6(13) 
O(80) – W(17) – O(53) 99.5(10) O(85) – P(4) – O(73) 111.5(13) 
O(80) – W(17) – O(50) 101.9(11) O(78) – P(4) – O(73) 112.0(13) 
O(51) – W(18) – O(12) 100.0(11) W(11) – O(43) – W(16) 124.0(12) 
O(51) – W(18) – O(88) 104.9(11) W(20) – O(45) – W(10) 124.8(11) 

O(102) – W(19) – O(16) 103.8(12) W(9) – O(46) – W(25) 122.1(13) 
O(102) – W(19) – O(35) 101.7(12) W(18) – O(47) – W(11) 153.7(12) 
O(2) – W(20) – O(81) 88.6(11) W(21) – O(4) – W(3) 162.2(13) 
O(45) – W(20) – O(81) 157.7(11) W(28) – O(5) – W(26) 162.4(12) 
O(99) – W(21) – O(56) 91.4(11) W(31) – O(6) – W(24) 123.2(12) 
O(4) – W(21) – O(56) 165.0(10) W(25) – O(9) – W(14) 151.6(12) 
O(79) – W(22) – O(98) 85.6(9) W(23) – O(10) – W(4) 125.3(13) 
O(79) – W(22) – O(16) 83.9(10) W(24) – O(11) – W(15) 147.9(13) 
O(32) – W(23) – O(84) 98.2(11) W(18) – O(12) – W(27) 150.2(13) 
O(10) – W(23) – O(84) 89.5(10) W(29) – O(13) – W(25) 148.9(13) 
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3.3.3.2. Results and Discussion for  (4,4’-bpyH2)4[H2P2W18O62]2 

The crystal (4,4’-bpyH2)4[H2P2W18O62]2 was synthesized by hydrothermal 

method from the reaction of Na2WO4.2H2O, CuSO4.5H2O, 4,4’-bipyridine and H3PO4.  

As a result of single crystal X-ray diffraction, it is determined that the structure 

contains [H2P2W18O62]4- Well-Dawson polyanion clusters and 4,4’-bipyridine ligands. 

Well-Dawson polyanion cluster includes 18 edge-and-corner sharing WO6 octahedra 

and there is two PO4 tetrahedra at the center that is shown in Figure 3.21. 

[H2P2W18O62]4- and its polyhedral structure is illustrated in Figure 3.22. The clusters 

and water molecules have C-H…O hydrogen bond interactions between eachother. 

 

 
 

Figure 3.21. The view of Well-Dawson polyanion cluster. 
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Figure 3.22. The polyhedral structure of Well-Dawson polyanions. 
 
 

In the unitcell that is indicated in Figure 3.23, there are four polyanion clusters 

and 4,4’-bipyridine ligands between these clusters. WO6 octahedral structures include 

three different W-O bonds. These are; W-Ot (terminal) bonds whose distances range 

from 1.647(30) to 1.757(42) Å which represents a W=O multiple bond, W-Ob 

(bridging) bonds whose distances range from 1.854(33) to 1.963(41) Å and W-Oc 

(central) bonds range from 2.311(31) to 2.422(50) Å respectively. Besides, the distances 

of P-O bond distances are between 1.457(33) and 1.652(28) Å. 

C
N
O
P
W
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Figure 3.23. The unitcell view of (4,4’-bpyH2)4[H2P2W18O62]2. 

 
 

The bond valence sums of (4,4’-bpyH2)4[H2P2W18O62]2 shown in Table 3.12 

were calculated by Bond Valence Sum, BVS method developed by ID Brown. The 

results of these calculations show that, the oxidation states of W, P, O atoms of the 

structure are 6+, 5+, and 2- respectively. The compound needs 8+ valence cations and 

they are provided by 4,4’-bipyridine ligands. These ligands change into 4,4’-bpyH2
2+ 

cations easily in acidic medium. It is thought that, the organic part of the synthesized 

material includes bipyridinium cations. Bond valence sums table of the crystal (4,4’-

bpyH2)4[H2P2W18O62]2 is shown in Appendix I. 
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CHAPTER 4 

CATALYTIC APPLICATIONS 

In this study, catalytic activities of the synthesized three novel 

polyoxometalates; [(4,4’-bpyH2)3][PCuW11O39], (4,4’-bpyH2)[H2PW12O40]2.H2O, (4,4’-

bpyH2)4[H2P2W18O62]2 and two known crystals previously synthesized in our group  

which are formulated as [(4,4’-bpyH2)2(4,4’-bpyH)][PCuW11O39].H2O31 and  [(4,4’-

bpyH2)2(4,4’-bpyH)][PCoW11O39].H2O32 were studied. The crystals were used as 

catalysts for the hydrolysis of starch to glucose.   

 
 

                         (C6H10O5)n + nH2O                          n(C6H12O6)                                 (4.1) 

 
 
In the literature, starch was converted to glucose by using a micellar 

heteropolyacid catalyst, [C16H33N(CH3)3]3H2PW12O40 (abbreviated as (C16TA)H2PW).33 

and a carbon based solid acid catalyst, H4SiW12O40/activated carbon (abbreviated as 

HSiW/C).34 In both of the studies, hydrothermal method was chosen. Different from 

these studies, in our work, polyoxotungstate clusters containing organic-inorganic 

hybrid materials were used as catalysts for the hydrolysis of starch to glucose with 

hydrothermal method. 

 

4.1. Catalytic Procedure 

In the hydrolys s of starch, 0.10 g starch, 10.0 mg catalyst and 7.0 ml d st lled 

water were m xed and heated at 150 ̊C n a sta nless steal autoclave l ned w th Teflon 

for 5h in oven. When the reaction finished, autoclave was cooled to room temperature 

and the mixture was filtered to separate the catalyst and centrifugated to separate 

unreacted starch from the solution. Starch was purcased from Carlo Erba Reagents. It 

was used without further purification. In order to understand the reaction is finished or 

not, Lugol’s iodine reagent was used. The products were analyzed by FTIR-ATR 

spectroscopy. Also, to calculate yield(%), the following formula were used. 
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                              Yield(%) = ma n product mass

a mass n the loaded sample ×100%                               (4.2) 

 
 

4.2. Results and Discussion 

In this study, the hydrolyzed solutions from the reactions were tested by Lugol’s 

iodine solution and determined by Fourier transform infrared-attenuated total reflection 

(FTIR-ATR) spectroscopy. 

 

4.2.1. Lugol’s Iodine Test 

Lugol’s iodine solution is a solution of potassium iodide with iodine in water. 

Reaction of starch with Lugol´s iodine solution gives a blue-black colour. A negative 

test gives yellow-orange colour. This test was used in this study to obtain the hydrolysis 

of starch which is illustrated in Figure 4.1. The solution of 20.0 g potassium iodide (KI) 

and 10.0 g iodine (I2) in 100.0 ml water was prepared for Lugol’s iodine test. Then, this 

solution was dropped into each reaction sample in test tubes. It was determined that, 

each of the five reaction sample for five different catalysts gave yellow-orange colour. It 

shows there are no more starches in the solution at the end of  each reaction.  

Control exper ment was also done at 150 ̊C for 5 h w thout us ng any catalyst. 

As a result, the reaction gave blue colour with iodine solution which shows the presence 

of starch. In Figure 4.2, the numbers from 1 to 5 show the reactions with                        

(4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O and (4,4’-bpyH2)[H2PW12O40]2.H2O crystal 

catalysts, (4,4’-bpyH2)3[PCuW11O39], (4,4’-bpyH2)4[H2P2W18O62]2 crystal catalysts and  

(4,4’-bpyH2)2(4,4’-bpyH)[PCuW11O39].H2O crystal catalyst  respectively. 

 

 
 

Figure 4.1. Hydrolysis reaction of starch. 
(Source: Stax35) 
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Figure 4.2. Lugol’s test of the reactions with five different crystals and without any  
                   catalyst. 
 
 
4.2.2. FT-IR ATR Results 

The FT-IR ATR analysis was applied for each hydrolyzate of optimization 

reactions of five catalysts after determined the yellow-orange colours in the Lugol’s 

iodine test. Figure 4.3 shows the FT-IR ATR spectra of these five reactions and the 

reaction with no catalyst. The peaks at  ̴ 3350 cm-1, ̴ 2920 cm-1, ̴ 2850 cm-1, ̴ 1450 cm-1, ̴ 

1200 cm-1,  ̴ 1035 cm-1 show the stretch of OH, asymmetric vibration of CH, symmetric 

vibration of CH, bending vibration of CH, vibration of COC and characteristic vibration 

of CO bonds of glucose respectively.36 When COC and CO spectrum peaks of the 

reactions under optimum conditions with catalyst and without catalyst, it was observed 

that the characteristic peaks of CO bonds of glucose are sharper than the peaks of COC 

bonds in the spectra of the reactions with catalyst, differently from the peaks of bonds in 

the spectrum of  the reaction without catalyst. This shows the brekage of the COC 

bonds in the starch by the crystal catalysts.  
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Figure 4.3. FT-IR ATR spectra of the reactions with five different catalysts and with no             
                   catalyst. 
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4.2.3. Optimization of Reaction Time and Temperature  

Starch hydrolysis reactions were carried out at two different temperatures (120 ̊C 

and 150 ̊C) for 5h with (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O catalysts. The 

catalysts were separated from the solutions by filtration.  

 

                     (C6H10O5)n + nH2O          Δ           n(C6H12O6)       (5h)                          (4.3) 
                                   starch                                   catalyst                glucose 

 

In Lugol’s od ne tests, t was observed that at 120 ̊C, the react on sample gave 

blue colour. It shows the presence of unreacted starch in the solution. However, at 

150 ̊C react on sample gave yellow-orange colour which show there is no more starch in 

the solution. The test results are shown in Figure 4.4. 

 

 
 

Figure 4.4. Lugol’s test of the reaction with (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O  
                     crystal for temperature. 

 
 

After finding the optimum reaction temperature, effect of time on starch 

hydrolysis was determined. Starch hydrolysis reactions with the catalyst (4,4’-

bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O were carr ed out at 150 ̊C for 1 to 5 h.  
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                  (C6H10O5)n + nH2O           t            n(C6H12O6)      (150 ̊C)                        (4.4) 
               starch                                   catalyst               glucose 

 
 
In Lugol’s iodine tests, the reaction for 5 h gave yellow-orange colours but the 

other reactions for 1 to 4 h gave blue-violet colours. The test results are shown in Figure 

4.5. Also, FT-IR ATR analysis of (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O catalyst 

was done for each time from 1 to 5 h. It was observed that the characteristic peak of CO 

bond of glucose gets sharper from 1 to 5 h. These results in Figure 4.6 show that the 

optimum time is 5h for the hydrolysis reactions with these crystal catalysts.  

 

 
 

Figure 4.5. Lugol’s test of the reaction with (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O     
                     crystal for time. 
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Figure 4.6. FT-IR ATR spectra of the starch hydrolysis reactions with the catalyst (4,4’-  
                   bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O at 150 ̊C from 1 to 5 h. 
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4.2.4. Optimization of Catalyst Amount 

After finding the optimum reaction temperature and time for starch hydrolysis 

optimum catalyst amount was determined. Starch hydrolysis reactions with the catalyst 

(4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O were carr ed out at 150 ̊C and 5 h for 1 mg, 

5 mg and 10 mg catalyst amounts respectively.  

 
 

   (C6H10O5)n + nH2O     150 ̊C       n(C6H12O6)    (catalyst amount changing)              (4.5) 
       starch                           5h       glucose 

 
 
In Lugol’s iodine tests, the reactions for 1 mg and 5 mg catalyst amounts gave 

reddish colours but the reaction for 10 mg gave yellow-orange colour. The reddish 

colours show the present of dextrin molecules in the solution. However, the colour of 

the reaction for 10 mg catalyst amount shows the presentation of glucose molecules 

rather than dextrin molecules. Dextrin molecules are the molecules which are the same 

formula with starch molecules (C6H10O5)n but their chains are smaller than starch 

molecules. The chain numbers change from 10 to 30. The test results are shown in 

Figure 4.7.  

 

 
 

Figure 4.7. Lugol’s test of the reaction with (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O     
                     crystal for catalyst amount. 
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4.2.5. Reusability of Catalysts 

The reusab l ty of catalysts was tested for f ve react on runs under opt mum 

cond t ons (150 ̊C, 5 h). In each react on cycle, fresh starch and water were added to the 

catalyst remaining. In Lugol’s iodine tests, reaction samples gave yellow-orange colours 

which show there are no more starches in the solutions The glucose yields were 

obtained for each cycle. In each case, the glucose yield was above 90 wt.%. They were 

nearly the theoretical yield of D-glucose expected from starch 111 wt.%. The results 

which are illustrated in Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11 and Figure 4.12 

show that the catalysts are reusable. 

 

 
 

Figure 4.8. Lugol’s test of the reaction with (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O   
                     crystal for five cycles. 
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Figure 4.9. Lugol’s test of the reaction with (4,4’-bpyH2)[H2PW12O40]2.H2O crystal for   
                   five cycles. 
 
 
 

 
 

Figure 4.10. Lugol’s test of the reaction with (4,4’-bpyH2)3[PCuW11O39] crystal for five     
                     cycles. 
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Figure 4.11. Lugol’s test of the reaction with (4,4’-bpyH2)4[H2P2W18O62]2 crystal for     
                     five cycles. 
 

 

 
 

Figure 4.12. Lugol’s test of the reaction with (4,4’bpyH2)2(4,4’bpyH)[PCuW11O39].H2O    
                       crystal for five cycles. 
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The yields of the reactions of (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O 

obtained from cycle 1 to 5 are 95.04%, 95.08%, 95.11%, 95.05% and 95.90% 

respectively which are shown in Figure 4.13. 

 

 
 

Figure 4.13. Plot of glucose yield vs reaction cycles of the reaction with the catalyst   
                     (4,4’-bpyH2)2(4,4’-bpyH)[PCoW11O39].H2O. 

 
 

The yields of the reactions of (4,4’-bpyH2)[H2PW12O40]2.H2O obtained from 

cycle 1 to 5 are 93.57%, 94.70%, 94.25%, 93.83% and 96.25% respectively which are 

shown in Figure 4.14. 

 

 
 

Figure 4.14. Plot of glucose yield vs reaction cycles of the reaction with the catalyst  
                     (4,4’-bpyH2)[H2PW12O40]2.H2O. 
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The yields of the reactions of (4,4’-bpyH2)3[PCuW11O39] obtained from cycle 1 

to 5 are 94.08%, 93.42%, 93.56%, 93.40% and 91.90% respectively which are shown in 

Figure 4.15. 

 

 
 

Figure 4.15. Plot of glucose yield vs reaction cycles of the reaction with the catalyst   
                     (4,4’-bpyH2)3[PCuW11O39]. 

 
 

The yields of the reactions of (4,4’-bpyH2)4[H2P2W18O62]2 obtained from cycle 1 

to 5 are 92.55%, 93.38%, 92.84%, 92.54% and 93.95% respectively which are shown in 

Figure 4.16. 

 

 
 
Figure 4.16. Plot of glucose yield vs reaction cycles of the reaction with the catalyst   
                     (4,4’-bpyH2)4[H2P2W18O62]2. 
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The yields of the reactions of (4,4’-bpyH2)2(4,4’-bpyH)[PCuW11O39].H2O 

obtained from cycle 1 to 5 are 94.07%, 93.83%, 93.58%, 92.84% and 93.55% 

respectively which are shown in Figure 4.17. 

 

 
 

Figure 4.17. Plot of glucose yield vs reaction cycles of the reaction with the catalyst   
                     (4,4’-bpyH2)2(4,4’-bpyH)[PCuW11O39].H2O. 
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CHAPTER 5 

CONCLUSION 

In this PhD. thesis, characterization and catalytic applications of hydrothermally 

synthesized polyoxotungstate clusters containing organic-inorganic hybrid materials 

were studied. Tungsten transition metal was used to form the inorganic framework, 

4,4’-bipyridine was used as the organic ligands of the hybrid materials. At the end of the 

hydrothermal reactions, several crystals were synthesized and characterized by using 

different methods. These methods are; powder X-ray diffraction, optical microscopy, 

scanning electron microscopy (SEM), single crystal X-ray diffraction and 

thermogravimetric analysis. The compounds synthesized in this study, include three 

novel crystals whose structures were solved by SHELXTL program. Therefore, the 

catalytic applications of these three novel crystals and two known crystals were studied. 

The first synthesized novel compound is [(4,4’-bpyH2)3][PCuW11O39] yellow 

crystals. They are synthesized by using the hydrothermal reaction of Na2WO4.2H2O, 

CuSO4.5H2O, 4,4’-bipyridine and H3PO4 in a Teflon-lined autoclave at 170˚C for 3 

days. The compound crystallizes in the space group P2(1)/n of the monoclinic system 

with four formula units in a cell with dimensions a=13.519(3) Å, b=26.824(5) Å, 

c=15.199(3) Å and its volume is 17446(3) Å3. The crystal is a Keggin polyoxometalate 

and includes free 4,4’-bipyridine groups between the clusters.  

 The second synthesized novel compound is (4,4’-bpyH2)[H2PW12O40]2.H2O 

colorless crystals. They are synthesized by using the hydrothermal reaction of 

Na2WO4.2H2O, Co(NO3)2.6H2O, 4,4’-bipyridine and H3PO4 in a Teflon-lined autoclave 

at 170˚C for 3 days. The compound crystallizes in the space group Ia-3 of the cubic 

system with twelve formula units in a cell with dimensions  a=25.936(3) Å, 

b=25.936(3) Å, c=25.936(3) Å and its volume is 5436.4(19) Å3. The crystal is a Keggin 

polyoxometalate and consists of two polyoxotungstate clusters, a free 4,4’-bipyridine 

group and a water molecule. 

The third and the last compound is (4,4’-bpyH2)4[H2P2W18O62]2 dark yellow 

crystals. They are synthesized by using the hydrothermal reaction of Na2WO4.2H2O, 

CuSO4.5H2O, 4,4’-bipyridine and H3PO4 in a Teflon-lined autoclave at 170˚C for 3 
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days. The compound crystallizes in the space group P-1 of the triclinic system with four 

formula units in a cell with dimensions  a=13.519(3) Å, b=22.400(5) Å, c=27.374(6) Å 

and its volume is 7889(3) Å3.  The crystal is a Wells-Dawson polyoxometalate and 

contains two polyoxotungstate clusters and free 4,4’-bipyridine groups between clusters. 

In conclusion, many products were synthesized hydrothermally at the end of 

several experiments. The three novel compounds and their catalytic activities were 

discussed here. Also, the catalytic activities of the two known compounds were 

discussed. According to the results, it is possible to synthesize different organic-

inorganic hybrid materials in glamorous crystalline form by changing the components 

and using the hydrothermal technique. For the catalytic study, it was observed that 

starch hydrolysis reactions by using hydrothermal synthesis and five different crystals 

were finished successfully at 150 ̊C, 5h. from the results of Lugol’s test and FT-IR ATR 

analysis. In order to obtain the optimum reaction conditions, optimization of 

temperature, time and catalyst amount reactions were also performed. Starch samples 

converted to D-glucose with glucose yields above 90 wt.% under optimum reaction 

conditions. Catalyst reusability was performed for each crystal. No appreciable loss was 

observed in activity after five reaction cycles for each crystal. 
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APPENDIX A 

BOND LENGTHS (Å) FOR (4,4’-bpyH2)3[PCuW11O39] 

Table A.1. Bond lengths (Å) for (4,4’-bpyH2)3[PCuW11O39] 
 

 

                                                                   (cont. on the next page) 

W(1) – O(34) 1.711(16) W(10) – O(39) 2.458(14) 
W(1) – O(1) 1.910(17) W(11) – O(27) 1.881(19) 

W(1) – O(29) 1.914(17) W(11) – O(47) 1.920(16) 
W(1) – O(2) 1.923(17) W(11) – (O24) 1.942(17) 
W(1) – O(6) 1.923(16) W(11) – O(25) 1.953(16) 

W(1) – O(15) 2.405(17) W(11) – O(14) 1.962(16) 
W(2) – O(32) 1.711(15) W(11) – O(40) 2.446(15) 
W(2) – O(4) 1.896(16) W(12) – O(22) 1.883(17) 

W(2) – O(42) 1.937(17) W(12) – O(45) 1.893(16) 
W(2) – O(13) 1.890(16) W(12) – O(27) 1.932(18) 
W(2) – O(5) 1.910(16) W(12) – O(11) 1.946(16) 

W(2) – O(28) 2.366(14) W(12) – O(4) 1.976(16) 
W(3) – O(7) 1.713(15) W(12) – O(28) 2.433(15) 
W(3) – O(8) 1.885(16) P(1) – O(40) 1.539(15) 
W(3) – O(6) 1.915(17) P(1) – O(39) 1.563(13) 

W(3) – O(44) 1.929(17) P(1) – O(28) 1.583(15) 
W(3) – O(42) 1.931(17) P(1) – O(15) 1.608(16) 
W(3) – O(15) 2.403(14) Cu(12) – O(27) 1.932(18) 
W(4) – O(31) 1.712(16) N(3) – C(11) 1.31(3) 
W(4) – O(11) 1.865(16) N(3) – C(12) 1.32(3) 
W(4) – O(12) 1.895(15) N(1) – C(2) 1.27(3) 
W(4) – O(2) 1.935(17) N(1) – C(16) 1.36(3) 

W(4) – O(13) 1.958(17) N(2) – C(36) 1.37(3) 
W(4) – O(28) 2.367(15) N(2) – C(8) 1.39(3) 
W(5) – O(19) 1.708(16) N(5) – C(20) 1.31(3) 
W(5) – O(14) 1.858(16) N(5) – C(22) 1.39(4) 
W(5) – O(16) 1.884(15) N(6) – C(28) 1.37(4) 
W(5) – O(29) 1.947(18) N(6) – C(27) 1.40(4) 
W(5) – O(44) 1.952(17) N(4) – C(31) 1.24(4) 
W(5) – O(15) 2.392(15) N(4) – C(33) 1.34(5) 
W(6) – O(33) 1.710(16) C(7) – C(8) 1.29(4) 
W(6) – O(47) 1.833(17) C(7) – C(6) 1.36(3) 
W(6) – O(43) 1.869(17) C(4) – C(16) 1.35(4) 
W(6) – O(16) 1.921(16) C(4) – C(5) 1.36(3) 
W(6) – O(21) 1.958(17) C(5) – C(3) 1.38(3) 
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Table A.1. (cont.) 
 

 

 

 

 

 

 

 

 

 

 

 

W(6) – O(39) 2.446(14) C(5) – C(6) 1.50(3) 
W(7) – O(35) 1.720(17) C(2)- C(3) 1.36(4) 
W(7) – O(24) 1.903(18) C(13) – C(11) 1.32(4) 
W(7) – O(23) 1.915(16) C(13) – C(14) 1.42(4) 
W(7) – O(46) 1.940(14) C(12) – C(18) 1.36(4) 
W(7) – O(22) 1.949(18) C(14) – C(18) 1.37(3) 
W(7) – O(40) 2.419(16) C(14) – C(13) 1.42(4) 
W(8) – O(36) 1.691(14) C(14) – C(15) 1.51(4) 
W(8) – O(45) 1.868(17) C(15) – C(30) 1.34(4) 
W(8) – O(23) 1.908(17) C(15) – C(32) 1.40(4) 
W(8) – O(26) 1.948(18) C(6) – C(17) 1.43(3) 
W(8) – O(43) 1.997(16) C(20) – C(21) 1.26(4) 
W(8) – O(39) 2.414(14) C(24) – C(25) 1.40(4) 
W(9) – O(37) 1.688(14) C(24) – C(26) 1.42(4) 
W(9) – O(46) 1.905(16) C(24) – C(23) 1.47(4) 
W(9) – O(5) 1.975(17) C(26) – C(27) 1.37(4) 

W(9) – O(37) 1.688(14) C(25) – C(28) 1.27(4) 
W(9) – O(46) 1.905(16) C(21) – C(23) 1.45(4) 
W(9) – O(5) 1.975(17) C(17) – C(36) 1.33(4) 

W(10) – O(30) 1.711(16) C(23) – C(35) 1.29(4) 
W(10) – O(21) 1.878(18) C(22) – C(35) 1.30(5) 
W(10) – O(1) 1.883(16) C(30) – C(31) 1.42(5) 

W(10) – O(26) 1.920(17) C(32) – C(33) 1.36(5) 
W(10) – O(12) 1.937(15)   
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APPENDIX B 

BOND ANGLES (°) FOR (4,4’-bpyH2)3[PCuW11O39] 

Table B.1. Bond angles (°) for (4,4’-bpyH2)3[PCuW11O39] 
 

O(34) – W(1) – O(1) 103.5(8) O(21) – W(10) – O(39) 71.8(6) 
O(34) – W(1) – O(29) 102.6(8) O(1) – W(10) – O(39) 85.2(7) 
O(1) – W(1) – O(29) 90.4(7) O(26) – W(10) – O(39) 71.9(6) 
O(34) – W(1) – O(6) 98.8(8) O(12) – W(10) – O(39) 83.4(5) 
O(1) – W(1) – O(6) 157.7(8) O(27) – W(11) – O(47) 104.6(8) 
O(29) – W(1) – O(6) 85.9(7) O(27) – W(11) – O(24) 99.1(8) 
O(34) – W(1) – O(2) 102.6(8) O(47) – W(11) – O(24) 91.9(7) 
O(1) – W(1) – O(2) 86.7(7) O(27) – W(11) – O(25) 95.3(7) 
O(29) – W(1) – O(2) 154.7(7) O(47) – W(11) – O(25) 159.9(8) 
O(6) – W(1) – O(2) 87.4(7) O(24) – W(11) – O(25) 87.6(7) 

O(34) – W(1) – O(15) 168.0(6) O(27) – W(11) – O(14) 101.6(7) 
O(1) – W(1) – O(15) 86.6(7) O(47) – W(11) – O(14) 86.4(7) 

O(29) – W(1) – O(15) 70.5(6) O(24) – W(11) – O(14) 159.0(7) 
O(6) – W(1) – O(15) 71.4(6) O(25) – W(11) – O(14) 87.0(7) 
O(2) – W(1) – O(15) 84.2(6) O(27) – W(11) – O(40) 165.4(7) 

O(32) – W(2) – O(13) 101.0(8) O(47) – W(11) – O(40) 88.2(6) 
O(32) – W(2) – O(4) 99.9(8) O(24) – W(11) – O(40) 73.0(6) 
O(13) – W(2) – O(4) 88.2(7) O(25) – W(11) – O(40) 72.4(6) 
O(32) – W(2) – O(5) 103.1(8) O(14) – W(11) – O(40) 86.0(6) 
O(13) – W(2) – O(5) 155.7(7) O(22) – W(12) – O(45) 90.7(8) 
O(4) – W(2) – O(5) 90.5(7) O(22) – W(12) – O(27) 99.8(7) 

O(32) – W(2) – O(42) 101.6(7) O(45) – W(12) – O(27) 99.9(8) 
O(13) – W(2) – O(42) 85.9(7) O(22) – W(12) – O(11) 159.8(7) 
O(32) – W(2) – O(28) 170.8(7) O(22) – W(12) – O(4) 88.0(7) 
O(13) – W(2) – O(28) 71.7(6) O(45) – W(12) – O(4) 158.8(7) 
O(5) – W(2) – O(28) 84.6(6) O(11) – W(12) – O(4) 86.2(7) 

O(42) – W(2) – O(28) 83.6(6) O(22) – W(12) – O(28) 87.3(6) 
O(7) – W(3) – O(8) 101.7(8) O(45) – W(12) – O(28) 86.9(6) 
O(7) – W(3) – O(6) 101.5(8) O(27) – W(12) – O(28) 170.0(7) 
O(8) – W(3) – O(6) 156.8(6) O(40) – P(1) – O(39) 110.3(9) 
O(7) – W(3) – O(44) 100.1(7) O(40) – P(1) – O(28) 109.6(9) 
O(8) – W(3) – O(44) 90.5(7) O(39) – P(1) – O(28) 110.4(8) 
O(6) – W(3) – O(44) 86.9(7) O(40) – P(1) – O(15) 109.2(7) 
O(7) – W(3) – O(42) 103.0(7) O(39) – P(1) – O(15) 108.9(9) 
O(8) – W(3) – O(42) 86.9(7) O(28) – P(1) – O(15) 108.5(8) 

 

                                                                   (cont. on the next page) 
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Table B.1. (cont.) 
 

O(6) – W(3) – O(42) 86.5(8) O(40) – P(1) – O(39) 110.3(9) 
O(44) – W(3) – O(42) 156.8(7) O(40) – P(1) – O(28) 109.6(9) 
O(7) – W(3) – O(15) 169.0(7) O(39) – P(1) – O(28) 110.4(8) 
O(8) – W(3) – O(15) 85.8(6) O(40) – P(1) – O(15) 109.2(8) 
O(6) – W(3) – O(15) 71.5(6) O(39) – P(1) – O(15) 108.9(9) 

O(44) – W(3) – O(15) 71.5(6) O(28) – P(1) – O(15) 108.5(8) 
O(42) – W(3) – O(15) 85.3(6) W(10) – O(26) – W(8) 125.7(8) 
O(31) – W(4) – O(11) 100.7(8) W(4) – O(11) – W(12) 123.4(8) 
O(31) – W(4) – O(12) 104.7(7) W(2) – O(4) – W(12) 123.0(9) 
O(11) – W(4) – O(12) 91.4(7) P(1) – O(28) – W(2) 126.2(8) 
O(31) – W(4) – O(2) 103.3(8) P(1) – O(28) – W(4) 127.6(9) 
O(11) – W(4) – O(2) 156.0(7) W(2) – O(28) – W(4) 92.2(5) 
O(12) – W(4) – O(2) 83.3(7) P(1) – O(28) – W(12) 120.7(8) 

O(31) – W(4) – O(13) 98.9(8) W(2) – O(28) – W(12) 90.3(5) 
O(11) – W(4) – O(13) 90.8(7) W(4) – O(28) – W(12) 88.7(5) 
O(12) – W(4) – O(13) 155.5(6) W(3) – O(6) – W(1) 126.2(9) 
O(2) – W(4) – O(13) 84.8(7) W(12) – O(22) – W(7) 145.5(11) 

O(31) – W(4) – O(28) 168.5(7) W(5) – O(14) – W(11) 146.4(8) 
O(11) – W(4) – O(28) 75.4(6) P(1) – O(15) – W(5) 125.2(8) 
O(12) – W(4) – O(28) 86.3(5) P(1) – O(15) – W(3) 124.1(9) 
O(2) – W(4) – O(28) 80.9(6) W(5) – O(15) – W(3) 91.9(5) 

O(13) – W(4) – O(28) 70.6(6) P(1) – O(15) – W(1) 123.0(8) 
O(19) – W(5) – O(14) 105.2(8) W(5) – O(15) – W(1) 92.1(6) 
O(19) – W(5) – O(16) 104.2(8) W(3) – O(15) – W(1) 90.8(5) 
O(14) – W(5) – O(16) 89.4(7) W(11) – O(27) – Cu(12) 161.4(11) 
O(19) – W(5) – O(29) 97.9(8) W(11) – O(27) – W(12) 161.4(11) 
O(14) – W(5) – O(29) 156.5(7) Cu(12) – O(27) – W(12) 0.0(13) 
O(16) – W(5) – O(29) 88.7(7) W(4) – O(12) – W(10) 153.3(8) 
O(19) – W(5) – O(44) 98.9(7) W(10) – O(21) – W(6) 128.0(9) 
O(14) – W(5) – O(44) 89.7(7) W(8) – O(23) – W(7) 149.3(9) 
O(16) – W(5) – O(44) 156.3(7) W(9) – O(25) – W(11) 123.2(8) 
O(14) – W(5) – O(15) 86.2(6) W(3) – O(8) – W(9) 151.0(8) 
O(16) – W(5) – O(15) 84.8(6) W(7) – O(24) – W(11) 124.1(9) 
O(29) – W(5) – O(15) 70.3(7) W(2) – O(13) – W(4) 124.8(9) 
O(44) – W(5) – O(15) 71.4(6) W(1) – O(2) – W(4) 151.7(10) 
O(33) – W(6) – O(47) 102.4(8) W(1) – O(5) – W(9) 151.7(10) 
O(33) – W(6) – O(43) 100.6(8) P(1) – O(40) – W(9) 128.5(9) 
O(47) – W(6) – O(43) 91.0(7) P(1) – O(40) – W(7) 125.8(7) 
O(33) – W(6) – O(16) 103.6(8) W(9) – O(40) – W(7) 90.6(5) 
O(47) – W(6) – O(16) 86.7(7) P(1) – O(40) – W(11) 123.0(9) 
O(43) – W(6) – O(16) 155.6(7) W(9) – O(40) – W(11) 88.3(4) 
O(33) – W(6) – O(21) 100.8(8) W(7) – O(40) – W(11) 88.6(5) 
O(47) – W(6) – O(21) 156.8(8) P(1) – O(39) – W(8) 125.3(8) 
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Table B.1. (cont.) 
 

 

                                                                                                     (cont. on the next page) 

O(43) – W(6) – O(21) 85.9(7) P(1) – O(39) – W(6) 125.2(7) 
O(16) – W(6) – O(21) 86.7(7) W(8) – O(39) – W(6) 90.7(5) 
O(33) – W(6) – O(39) 168.7(6) P(1) – O(39) – W(10) 125.3(8) 
O(47) – W(6) – O(39) 86.3(7) W(8) – O(39) – W(10) 89.9(4) 
O(43) – W(6) – O(39) 71.8(6) W(6) – O(39) – W(10) 89.3(5) 
O(16) – W(6) – O(39) 83.8(6) W(1) – O(29) – W(5) 127.0(9) 
O(21) – W(6) – (O39) 70.9(6) W(8) – O(45) – W(12) 148.5(9) 
O(35) – W(7) – O(24) 99.8(8) W(3) – O(42) – W(2) 148.8(10) 
O(35) – W(7) – O(23) 103.0(7) W(6) – O(43) – W(8) 126.8(9) 
O(24) – W(7) – O(23) 88.2(7) W(3) – O(44) – W(5) 125.2(8) 
O(35) – W(7) – O(46) 101.0(7) W(9) – O(46) – W(7) 124.4(8) 
O(24) – W(7) – O(46) 89.0(7) W(6) – O(47) – W(11) 150.5(11) 
O(23) – W(7) – O(46) 155.9(7) C(11) – N(3) – C(12) 121(3) 
O(35) – W(7) – O(22) 101.9(8) C(2) – N(1) – C(16) 122(3) 
O(24) – W(7) – O(22) 158.2(7) C(8) – C(7) – C(6) 125(3) 
O(23) – W(7) – O(22) 88.2(7) C(36) – N(2) – C(8) 116(3) 
O(46) – W(7) – O(22) 85.6(7) C(7) – C(8) – N(2) 122(3) 
O(35) – W(7) – O(40) 170.0(6) C(16) – C(4) – C(5) 119(2) 
O(24) – W(7) – O(40) 74.3(6) C(4) – C(5) – C(3) 117(2) 
O(23) – W(7) – O(40) 85.1(6) C(4) – C(5) – C(6) 123(2) 
O(46) – W(7) – O(40) 71.1(6) C(3) – C(5) – C(6) 119(2) 
O(22) – W(7) – O(40) 84.0(6) N(1) – C(2) – C(3) 119(2) 
O(36) – W(8) – O(45) 102.9(7) C(11) – C(13) – C(14) 124(3) 
O(36) – W(8) – O(23) 102.9(8) N(3) – C(12) – C(18) 122(2) 
O(45) – W(8) – O(23) 88.2(7) C(18) – C(14) – C(13) 114(3) 
O(36) – W(8) – O(26) 100.5(8) C(18) – C(14) – C(15) 122(3) 
O(45) – W(8) – O(26) 89.0(7) C(13) – C(14) – C(15) 123(2) 
O(23) – W(8) – O(26) 156.5(6)  N(3) – C(11) – C(13) 119(2) 
O(36) – W(8) – O(43) 101.2(7) C(2) – C(3) – C(5) 122(3) 
O(45) – W(8) – O(43) 155.9(7) C(30) – C(15) – C(32) 120(3) 
O(23) – W(8) – O(43) 87.4(7) C(30) – C(15) – C(14) 119(2) 
O(26) – W(8) – O(43) 85.7(7) C(32) – C(15) – C(14) 120(3) 
O(36) – W(8) – O(39) 169.2(7) C(7) – C(6) – C(17) 112(2) 
O(45) – W(8) – O(39) 85.3(6) C(7) – C(6) – C(5) 127(2) 
O(23) – W(8) – O(39) 84.1(6) C(7) – C(8) – N(2) 122(3) 
O(26) – W(8) – O(39) 72.5(6) C(17) – C(6) – C(5) 121(2) 
O(43) – W(8) – O(39) 70.7(6) C(20) – N(5) – C(22) 121(3) 
O(37) – W(9) – O(25) 101.7(8) C(28) – N(6) – C(27) 110(3) 
O(37) – W(9) – O(46) 99.3(7) C(21) – C(20) – N(5) 122(3) 
O(25) – W(9) – O(46) 91.7(7) C(25) – C(24) – C(26) 114(3) 
O(37) – W(9) – O(8) 101.6(7) C(25) – C(24) – C(23) 126(3) 
O(25) – W(9) – O(8) 91.9(7) C(26) – C(24) – C(23) 120(3) 
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Table B.1. (cont.) 

 

O(46) – W(9) – O(8) 157.6(6) C(27) – C(26) – C(24) 119(3) 
O(37) – W(9) – O(5) 101.1(8) C(28) – C(25) – C(24) 122(3) 
O(25) – W(9) – O(5) 157.2(7) C(20) – C(21) – C(23) 120(2) 
O(46) – W(9) – O(5) 84.6(7) C(36) – C(17) – C(6) 124(3) 
O(37) – W(9) – O(40) 83.6(7) C(2) – C(3) – C(5) 122(3) 
O(25) – W(9) – O(40) 76.0(6) C(4) – C(16) – N(1) 121(3) 
O(46) – W(9) – O(40) 73.0(6) C(12) – C(18) – C(14) 120(3) 
O(8) – W(9) – O(40) 86.5(6) C(25) – C(28) – N(6) 129(3) 
O(5) – W(9) – O(40) 81.4(6) C(35) – C(23) – C(21) 114(3) 

O(30) – W(10) – O(21) 102.4(9) C(35) – C(23) – C(24) 129(3) 
O(30) – W(10) – O(1) 103.2(9) C(21) – C(23) – C(24) 117(2) 
O(21) – W(10) – O(1) 89.4(8) C(35) – C(22) – N(5) 114(3) 

O(30) – W(10) – O(26) 100.0(8) C(26) – C(27) – N(6) 126(4) 
O(21) – W(10) – O(26) 87.4(7) C(31) – N(4) – C(33) 116(3) 
O(1) – W(10) – O(26) 83.4(5) C(15) – C(30) – C(31) 115(3) 

O(27) – W(10) – O(47) 156.7(7) N(4) – C(31) – C(30) 126(3) 
O(30) – W(10) – O(12) 102.7(8) C(33) – C(32) – C(15) 117(4) 
O(21) – W(10) – O(12) 154.9(7) N(4) – C(33) – C(32) 124(4) 
O(1) – W(10) – O(12) 85.2(7) C(17) – C(36) – N(2) 120(3) 

O(26) – W(10) – O(12) 88.0(7) C(23) – C(35) – C(22) 128(4) 
O(30) – W(10) – O(39) 169.9(7)   
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APPENDIX C 

BOND LENGTHS (Å) FOR (4,4’-bpyH2)[H2PW12O40]2.H2O 

Table C.1. Bond lengths (Å) for (4,4’-bpyH2)[H2PW12O40]2.H2O 
 

 
 

 

 

 

 

W(1) – O(2) 1.647(13) W(3) – O(13) 2.490(2) 
W(1) – O(10) 1.844(18) W(4) – O(8) 1.647(14) 
W(1) – O(1) 1.853(18) W(4) – O(9) 1.850(2) 
W(1) – O(3) 1.924(18) W(4) – O(11) 1.894(19) 
W(1) – O(10) 1.940(2) W(4) – O(9) 1.907(19) 
W(1) – O(14) 2.420(2) W(4) – O(5) 1.950(2) 
W(2) – O(12) 1.669(18) W(4) – O(16) 2.433(2) 
W(2) – O(5) 1.836(17) P(1) – O(13) 1.500(2) 
W(2) – O(4) 1.869 (19) P(1) – O(14) 1.620(4) 
W(2) – O(4) 1.921(18) P(2) – O(15) 1.490(2) 
W(2) – O(11) 1.900(17) P(2) – O(16) 1.590(3) 
W(2) – O(15) 2.430(2) N(1) – C(1) 1.350(3) 
W(2) – O(15) 2.480(2) C(1) – C(2) 1.370(3) 
W(3) – O(6) 1.676(15) C(2) – C(3) 1.430(3) 
W(3) – O(3) 1.856(16) C(3) – C(4) 1.460(4) 
W(3) – O(7) 1.859(19) C(4) – C(6) 1.380(3) 
W(3) – O(1) 1.929(16) N(2) – C(5) 1.340(3) 
W(3) – O(7) 1.956(18) C(5) – C(6) 1.400(3) 
W(3) – O(13) 2.450(2)   
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APPENDIX D 

BOND ANGLES (°) FOR (4,4’-bpyH2)[H2PW12O40]2.H2O 

Table D.1. Bond angles (°) for (4,4’-bpyH2)[H2PW12O40]2.H2O 
 

O(2) – W(1) – O(10) 103.4(11)   O(11) – W(2) – O(15) 66.0(8) 
O(2) – W(1) – O(1) 101.7(9) O(4) – W(2) – O(15) 91.9(9) 

O(10) – W(1) – O(1) 90.8(9) O(12) – W(2) – O(15) 160.9(10) 
O(2) – W(1) – O(3) 101.4(8) O(5) – W(2) – O(15) 66.8(8) 

O(10) – W(1) – O(3) 155.0(11) O(4) – W(2) – O(15) 94.7(9) 
O(1) – W(1) – O(3) 87.8(8)   O(11) – W(2) – O(15) 88.9(9) 

O(2) – W(1) – O(10) 103.5(10) O(4) – W(2) – O(15) 62.0(9) 
O(10) – W(1) – O(10) 88.1(11)   O(15) – W(2) – O(15) 38.7(9) 
O(1) – W(1) – O(10) 154.4(11)   O(6) – W(3) – O(3) 102.2(10) 
O(3) – W(1) – O(10) 82.6(9) O(6) – W(3) – O(7) 101.4(10) 
O(2) – W(1) – O(14) 158.8(10) O(3) – W(3) – O(7) 92.7(9) 

O(10) – W(1) – O(14) 63.0(10) O(6) – W(3) – O(1) 103.3(10) 
O(1) – W(1) – O(14) 95.0(9) O(3) – W(3) – O(1) 154.0(10) 
O(3) – W(1) – O(14) 92.2(8) O(7) – W(3) – O(1) 87.2(8) 
O(1) – W(1) – O(14) 61.9(9)   O(6) – W(3) – O(7) 100.2(9) 
O(12) – W(2) – O(5) 104.1(11) O(3) – W(3) – O(7) 86.9(8) 
O(12) – W(2) – O(4) 102.1(11) O(7) – W(3) – O(7) 158.0(14) 
O(5) – W(2) – O(4) 89.4(9) O(1) – W(3) – O(7) 83.6(8) 

O(12) – W(2) – O(11) 100.7(11) O(6) – W(3) – O(13) 159.4(9) 
O(5) – W(2) – O(11) 155.1(10) O(3) – W(3) – O(13) 65.0(8) 
O(4) – W(2) – O(11) 87.1(8)   O(7) – W(3) – O(13) 95.5(9) 
O(12) – W(2) – O(4) 102.1(11) O(1) – W(3) – O(13) 89.1(9) 
O(5) – W(2) – O(4) 87.9(8) O(7) – W(3) – O(13) 64.4(9) 
O(4) – W(2) – O(4) 155.6(14) O(6) – W(3) – O(13) 160.5(8)   

O(11) – W(2) – O(4) 85.2(9) O(3) – W(3) – O(13) 92.4(9) 
O(12) – W(2) – O(15) 160.0(11) O(7) – W(3) – O(13) 64.7(8) 
O(5) – W(2) – O(15) 90.5(9) O(1) – W(3) – O(13) 64.1(8) 
O(4) – W(2) – O(15) 63.8(9) O(7) – W(3) – O(13) 93.2(8) 

O(12) – W(2) – O(11) 100.7(11) O(6) – W(3) – O(13) 159.4(9) 
O(5) – W(2) – O(11) 155.1(10) O(3) – W(3) – O(13) 65.0(8) 
O(4) – W(2) – O(11) 87.1(8)   O(7) – W(3) – O(13) 95.5(9) 
O(12) – W(2) – O(4) 102.1(11) O(1) – W(3) – O(13) 89.1(9) 
O(5) – W(2) – O(4) 87.9(8) O(7) – W(3) – O(13) 64.4(9) 
O(4) – W(2) – O(4) 155.6(14) O(6) – W(3) – O(13) 160.5(8)   

O(11) – W(2) – O(4) 85.2(9) O(3) – W(3) – O(13) 92.4(9) 
 

                                                                                                     (cont. on the next page) 
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Table D.1. (cont.) 

 

 

 

 

 

 

O(12) – W(2) – O(15) 160.0(11) O(7) – W(3) – O(13) 64.7(8) 
O(5) – W(2) – O(15) 90.5(9) O(1) – W(3) – O(13) 64.1(8) 
O(4) – W(2) – O(15) 63.8(9) O(7) – W(3) – O(13) 93.2(8) 

O(13) – W(3) – O(13) 39.9(8)   O(13) – P(1) – O(14) 72.5(8)   
O(8) – W(4) – O(9) 105.0(11) O(13) – P(1) – O(14) 107.5(8) 

O(8) – W(4) – O(11) 100.7(9) O(14) – P(1) – O(14) 180.0(4) 
O(9) – W(4) – O(11) 88.5(10) O(15) – P(2) – O(15) 66.4(6)   
O(8) – W(4) – O(9) 105.2(11) O(15) – P(2) – O(15) 113.6(6) 
O(9) – W(4) – O(9) 89.1(11) O(15) – P(2) – O(15) 180.0(2) 

O(11) – W(4) – O(9) 153.7(11) O(15) – P(2) – O(16) 75.1(8) 
O(8) – W(4) – O(5) 101.1(9) O(15) – P(2) – O(16) 104.9(8) 
O(9) – W(4) – O(5) 153.9(11) O(16) – P(2) – O(16) 180.0(2) 

O(11) – W(4) – O(5) 86.9(8) P(1) – O(13) – W(3) 126.8(12) 
O(9) – W(4) – O(9) 89.1(11) O(15) – P(2) – O(15) 180.0(2) 

O(11) – W(4) – O(9) 153.7(11) O(15) – P(2) – O(16) 75.1(8) 
O(8) – W(4) – O(5) 101.1(9) O(15) – P(2) – O(16) 104.9(8) 
O(9) – W(4) – O(5) 153.9(11) O(16) – P(2) – O(16) 180.0(2) 

O(11) – W(4) – O(5) 86.9(8) P(1) – O(13) – W(3) 126.8(12) 
O(9) – W(4) – O(5) 83.8(10) P(1) – O(13) – W(3) 124.6(12) 
W(2) – O(4) – W(2) 140.1(13)   W(4) – O(16) – W(4) 93.4(9) 
W(3) – O(3) – W(1) 140.6(11)   C(1) – N(1) – C(1) 120.0(3) 
W(3) – O(7) – W(3) 138.1(13) N(1) – C(1) – C(2) 122.0(3) 
W(4) – O(9) – W(4) 141.3(14) C(1) – C(2) – C(3) 120.0(3) 
W(2) – O(5) – W(4) 140.5(11) C(2) – C(3) – C(2) 116.0(3) 

W(4) – O(11) – W(2) 140.6(11)   C(2) – C(3) – C(4) 121.9(15) 
W(1) – O(10) – W(1) 140.0(15) C(6) – C(4) – C(6) 119.0(3) 
O(13) – P(1) – O(13) 111.4(8) C(6) – C(4) – C(3) 120.7(16) 
O(13) – P(1) – O(13) 68.6(8) C(5) – N(2) – C(5) 120.0(3) 
O(13) – P(1) – O(13) 180.0(19)   N(2) – C(5) – C(6) 121.0(3) 
O(13) – P(1) – O(13) 111.4(8) C(4) – C(6) – C(5) 120.0(2) 
O(13) – P(1) – O(14) 107.5(8)   
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APPENDIX E 

BOND LENGTHS (Å) FOR (4,4’-bpyH2)4[H2P2W18O62]2 

Table E.1. Bond lengths (Å) for (4,4’-bpyH2)4[H2P2W18O62]2 
 

 

                                                                                                     (cont. on the next page) 

W(1) – O(36) 1.67(3) W(5) – O(19) 1.91(2) 
W(1) – O(23) 1.89(2) W(5) – O(50) 1.92(2) 
W(1) – O(52) 1.89(2) W(5) – O(38) 1.93(3) 
W(1) – O(58) 1.92(2) W(5) – O(75) 1.96(2) 
W(1) – O(21) 1.93(2) W(5) – O(65) 2.36(2) 
W(1) – O(67) 2.37(2) W(6) – O(49) 1.72(2) 
W(2) – O(33) 1.73(2) W(6) – O(22) 1.86(2) 
W(2) – O(18) 1.84(2) W(6) – O(26) 1.899(19) 
W(2) – O(57) 1.85(2) W(6) – O(59) 1.92(2) 
W(2) – O(59) 1.89(2) W(6) – O(93) 1.93(2) 
W(2) – O(62) 1.95(2) W(6) – O(69) 2.34(2) 
W(2) – O(69) 2.41(2) W(7) – O(7) 1.73(3) 
W(3) – O(48) 1.72(3) W(7) – O(21) 1.85(2) 
W(3) – O(4) 1.93(2) W(7) – O(39) 1.87(2) 

W(3) – O(89) 1.93(2) W(7) – O(28) 1.91(2) 
W(3) – O(20) 1.959(18) W(7) – O(26) 1.940(19) 
W(3) – O(3) 1.966(18) W(7) – O(72) 2.42(2) 

W(3) – O(68) 2.34(2) W(8) – O(106) 1.73(3) 
W(4) – O(61) 1.71(2) W(8) – O(14) 1.87(2) 
W(4) – O(52) 1.89(2) W(8) – O(89) 1.92(2) 
W(4) – O(10) 1.91(2) W(8) – O(97) 1.95(2) 
W(4) – O(94) 1.93(2) W(8) – O(34) 1.99(2) 
W(4) – O(22) 1.93(2) W(8) – O(74) 2.35(2) 
W(4) – O(66) 2.33(2) W(9) – O(54) 1.72(3) 
W(5) – O(86) 1.75(3) W(9) – O(94) 1.87(2) 
W(9) – O(58) 1.95(2) W(13) – O(71) 2.394(19) 
W(9) – O(53) 1.96(2) W(14) – O(41) 1.72(2) 
W(9) – O(76) 2.38(2) W(14) – O(15) 1.87(2) 

W(10) – O(30) 1.70(3) W(14) – O(8) 1.91(2) 
W(10) – O(63) 1.89(3) W(14) – O(23) 1.92(2) 
W(10) – O(1) 1.92(2) W(14) – O(9) 1.94(2) 

W(10) – O(45) 1.92(2) W(14) – O(67) 2.39(2) 
W(10) – O(115) 1.94(2) W(15) – O(60) 1.74(2) 
W(10) – O(73) 2.34(2) W(15) – O(42) 1.83(2) 
W(11) – O(44) 1.65(3) W(15) – O(15) 1.92(3) 
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Table E.1. (cont.) 
 

 

                                                                                                     (cont. on the next page) 

W(11) – O(43) 1.88(2) W(15) – O(11) 1.94(2) 
W(11) – O(47) 1.90(2) W(15) – O(39) 1.96(2) 
W(11) – O(2) 1.93(2) W(15) – O(72) 2.45(2) 

W(11) – O(27) 1.95(2) W(16) – O(25) 1.72(2) 
W(11) – O(70) 2.31(2) W(16) – O(20) 1.844(18) 
W(12) – O(111) 1.72(3) W(16) – O(1) 1.85(2) 
W(12) – O(38) 1.87(3) W(16) – O(43) 1.92(2) 
W(12) – O(24) 1.88(2) W(16) – O(14) 1.94(2) 
W(12) – O(57) 1.94(2) W(16) – O(70) 2.343(19) 
W(12) – O(116) 1.97(3) W(17) – O(80) 1.75(2) 
W(12) – O(71) 2.38(2) W(17) – O(53) 1.90(2) 
W(13) – O(17) 1.72(3) W(17) – O(50) 1.92(2) 
W(13) – O(24) 1.91(2) W(17) – O(95) 1.91(2) 
W(13) – O(55) 1.93(2) W(17) – O(84) 1.94(2) 
W(13) – O(64) 1.93(2) W(17) – O(76) 2.39(2) 
W(13) – O(42) 1.94(2) W(18) – O(51) 1.72(2) 
W(18) – O(12) 1.87(2) W(22) – O(79) 1.95(2) 
W(18) – O(88) 1.89(2) W(22) – O(16) 1.95(2) 
W(18) – O(97) 1.89(2) W(22) – O(98) 2.45(2) 
W(18) – O(47) 1.90(2) W(23) – O(32) 1.69(2) 
W(18) – O(74) 2.34(2) W(23) – O(10) 1.86(2) 
W(19) – O(102) 1.69(3) W(23) – O(84) 1.88(2) 
W(19) – O(16) 1.86(2) W(23) – O(19) 1.93(2) 
W(19) – O(35) 1.89(2) W(23) – O(18) 1.96(2) 
W(19) – O(88) 1.89(2) W(23) – O(66) 2.41(2) 
W(19) – O(34) 1.94(2) W(24) – O(31) 1.71(2) 
W(19) – O(74) 2.34(2) W(24) – O(11) 1.91(2) 
W(20) – O(119) 1.73(3) W(24) – O(64) 1.92(2) 

W(20) – O(2) 1.86(2) W(24) – O(113) 1.94(3) 
W(20) – O(45) 1.87(2) W(24) – O(6) 1.95(2) 
W(20) – O(81) 1.90(3) W(24) – O(77) 2.40(2) 
W(20) – O(87) 1.92(3) W(25) – O(108) 1.72(3) 
W(20) – O(73) 2.34(2) W(25) – O(9) 1.89(2) 
W(21) – O(105) 1.74(3) W(25) – O(95) 1.93(3) 
W(21) – O(115) 1.85(2) W(25) – O(13) 1.94(2) 
W(21) – O(99) 1.85(3) W(25) – O(46) 1.94(2) 
W(21) – O(4) 1.86(2) W(25) – O(76) 2.38(2) 

W(21) – O(56) 1.96(2) W(26) – O(103) 1.68(3) 
W(21) – O(78) 2.38(2) W(26) – O(109) 1.88(3) 
W(22) – O(107) 1.78(2) W(26) – O(5) 1.91(2) 
W(22) – O(101) 1.85(3) W(26) – O(40) 1.91(2) 
W(22) – O(100) 1.91(2) W(26) – O(99) 1.92(3) 
W(26) – O(78) 2.38(2) W(31) – O(116) 1.84(3) 
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W(27) – O(114) 1.75(3) W(31) – O(62) 1.86(2) 
W(27) – O(37) 1.87(2) W(31) – O(6) 1.92(2) 
W(27) – O(27) 1.87(2)  W(31) – O(90) 1.95(2) 

W(27) – O(100) 1.88(2) W(31) – O(77) 2.37(2) 
W(27) – O(12) 1.96(2) W(32) – O(121) 1.71(3) 
W(27) – O(98) 2.33(3) W(32) – O(109) 1.90(3) 
W(28) – O(29) 1.72(2) W(32) – O(110) 1.91(3) 
W(28) – O(79) 1.86(2) W(32) – O(117) 1.92(3) 
W(28) – O(5) 1.89(2) W(32) – O(101) 1.93(3) 
W(28) – O(3) 1.893(19) W(32) – O(85) 2.41(2) 
W(28) – O(35) 1.95(2) W(33) – O(122) 1.70(3) 
W(28) – O(68) 2.41(2) W(33) – O(82) 1.85(3) 

W(29) – O(104) 1.63(2) W(33) – O(56) 1.86(2) 
W(29) – O(55) 1.87(2) W(33) – O(118) 1.88(3) 
W(29) – O(8) 1.89(2) W(33) – O(63) 1.89(3) 
W(29) – O(13) 1.90(2) W(33) – O(91) 2.39(3) 
W(29) – O(75) 1.92(2) W(34) – O(124) 1.80(4) 
W(29) – O(65) 2.38(2) W(34) – O(81) 1.90(3) 
W(30) – O(92) 1.74(2) W(34) – O(110) 1.91(3) 
W(30) – O(93) 1.90(2) W(34) – O(37) 1.91(2) 
W(30) – O(28) 1.91(2) W(34) – O(83) 1.96(2) 
W(30) – O(90) 1.92(2) W(34) – O(85) 2.36(2) 

W(30) – O(113) 1.93(3) W(35) – O(120) 1.72(3) 
W(30) – O(77) 2.39(2) W(35) – O(117) 1.90(3) 

W(31) – O(112) 1.73(3) W(35) – O(123) 1.91(3) 
W(35) – O(40) 1.92(2) C(1) – C(3) 1.49(5) 
W(35) – O(82) 1.95(3) C(2) – C(3) 1.32(6) 
W(35) – O(91) 2.34(3) C(2) – C(13) 1.42(5) 
W(36) – O(96) 1.76(3) C(2) – C(24) 1.49(5) 
W(36) – O(83) 1.87(2) C(3) – C(16) 1.29(6) 
W(36) – O(87) 1.91(2) C(4) – C(5) 1.33(4) 

W(36) – O(118) 1.94(3) C(4) – C(27) 1.38(6) 
W(36) – O(123) 1.96(3) C(4) – C(6) 1.48(5) 
W(36) – O(91) 2.32(3) C(5) – C(10) 1.31(6) 
P(1) – O(67) 1.51(2) C(6) – C(22) 1.33(5) 
P(1) – O(66) 1.53(2) C(6) – C(29) 1.46(6) 
P(1) – O(76) 1.58(3) C(7) – C(15) 1.30(6) 
P(2) – O(68) 1.52(2) C(7) – C(17) 1.42(5) 
P(2) – O(98) 1.52(3) C(7) – C(8) 1.45(5) 
P(2) – O(70) 1.59(2) C(8) – C(25) 1.36(6) 
P(2) – O(74) 1.65(2) C(8) – C(18) 1.45(6) 
P(3) – O(72) 1.46(2) C(9) – N(1) 1.32(6) 

P(3) – O(71) 1.48(2) C(9) – C(15) 1.37(6) 
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Table E.1. (cont.) 

 

 

 

 

 

P(3) – O(69) 1.53(2) N(1) – C(11) 1.31(5) 
P(3) – O(77) 1.57(2) N(2) – C(40) 1.27(5) 
P(4) – O(85) 1.51(2) N(2) – C(42) 1.28(7) 
P(4) – O(78) 1.52(3) N(2) – Cu(1) 2.00(4) 
P(4) – O(73) 1.56(2) C(10) – N(5) 1.50(6) 
P(4) – O(91) 1.63(3) N(3) – C(14) 1.28(5) 

Cu(1) – O(29) 4.00(4) N(3) – C(12) 1.35(5) 
C(1) – C(12) 1.34(5) C(11) – C(17) 1.40(5) 
C(13) – C(26) 1.34(5) C(31) – C(41) 1.52(5) 
C(14) – C(16) 1.45(6) N(7) – C(45) 1.26(6) 
C(18) – C(42) 1.21(7) N(7) – C(36) 1.27(5) 
C(19) – C(35) 1.36(5) C(32) – C(33) 1.47(6) 
C(19) – C(21) 1.46(6) C(34) – C(44) 1.26(7) 
C(19) – C(30) 1.48(5) N(8) – C(38) 1.38(7) 
N(4) – C(26) 1.27(5) N(8) – C(37) 1.41(7) 
N(4) – C(20) 1.32(5) C(35) – C(36) 1.53(6) 
C(20) – C(24) 1.26(6) C(39) – C(50) 1.54(9) 
N(5) – C(43) 1.26(7) C(40) – C(25) 1.41(6) 
C(21) – C(23) 1.32(6) C(40) – Cu(1) 1.9(4) 
C(21) – C(33) 1.38(6) C(41) – C(46) 1.28(6) 
C(22) – C(37) 1.52(6) C(41) – C(48) 1.45(6) 
C(23) – C(28) 1.31(7) N(9) – C(50) 1.20(7) 
C(25) – C(40) 1.41(6) N(9) – C(44) 1.47(7) 
C(27) – C(43) 1.60(7) C(42) – C(18) 1.21(7) 
C(28) – N(6) 1.41(6) C(42) – Cu(1) 3.00(4) 
C(29) – C(38) 1.27(6) C(46) – C(49) 1.43(8) 
C(30) – C(45) 1.38(7) N(10) – C(47) 1.25(7) 
N(6) – C(32) 1.30(5) N(10) – C(49) 1.34(8) 
C(31) – C(34) 1.29(6) C(47) – C(48) 1.35(7) 
C(31) – C(39) 1.34(7)   
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APPENDIX F 

BOND ANGLES (°) FOR (4,4’-bpyH2)4[H2P2W18O62]2 

Table F.1. Bond angles (°) for (4,4’-bpyH2)4[H2P2W18O62]2 
 

O(36) – W(1) – O(23) 100.1(11) O(59) – W(2) – O(69) 72.7(8) 
O(36) – W(1) – O(52) 104.3(11) O(62) – W(2) – O(69) 81.0(9) 
O(23) – W(1) – O(52) 155.4(9) O(48) – W(3) – O(4) 98.6(11) 
O(36) – W(1) – O(58) 93.4(11) O(48) – W(3) – O(89) 96.4(11) 
O(23) – W(1) – O(58) 89.8(9) O(4) – W(3) – O(89) 164.7(10) 
O(52) – W(1) – O(58) 85.8(9) O(48) – W(3) – O(20) 101.7(10) 
O(36) – W(1) – O(21) 99.3(11) O(4) – W(3) – O(20) 89.0(9) 
O(23) – W(1) – O(21) 92.1(9) O(89) – W(3) – O(20) 85.3(9) 
O(52) – W(1) – O(21) 86.9(9) O(48) – W(3) – O(3) 99.8(10) 
O(58) – W(1) – O(21) 166.6(9) O(4) – W(3) – O(3) 92.9(9) 
O(36) – W(1) – O(67) 173.4(10) O(89) – W(3) – O(3) 87.2(9) 
O(23) – W(1) – O(67) 74.2(8) O(20) – W(3) – O(3) 157.9(8) 
O(52) – W(1) – O(67) 81.3(8) O(48) – W(3) – O(68) 173.7(9) 
O(58) – W(1) – O(67) 83.3(9) O(4) – W(3) – O(68) 82.7(9) 
O(21) – W(1) – O(67) 84.5(8) O(89) – W(3) – O(68) 82.6(9) 
O(33) – W(2) – O(18) 98.5(10) O(20) – W(3) – O(68) 84.5(7) 
O(33) – W(2) – O(57) 100.7(10) O(3) – W(3) – O(68) 73.9(7) 
O(18) – W(2) – O(57) 91.9(10) O(61) – W(4) – O(52) 103.4(10) 
O(33) – W(2) – O(59) 100.7(10) O(61) – W(4) – O(10) 101.8(10) 
O(18) – W(2) – O(59) 89.0(10) O(52) – W(4) – O(10) 154.6(10) 
O(57) – W(2) – O(59) 158.2(10) O(61) – W(4) – O(94) 95.2(10) 
O(33) – W(2) – O(62) 97.7(10) O(52) – W(4) – O(94) 85.9(10) 
O(18) – W(2) – O(62) 163.8(10) O(10) – W(4) – O(94) 89.8(10) 
O(57) – W(2) – O(62) 83.4(10) O(61) – W(4) – O(22) 100.6(10) 
O(59) – W(2) – O(62) 89.7(10) O(52) – W(4) – O(22) 87.8(9) 
O(33) – W(2) – O(69) 173.3(9) O(10) – W(4) – O(22) 89.6(10) 
O(18) – W(2) – O(69) 83.1(9) O(94) – W(4) – O(22) 163.9(9) 
O(57) – W(2) – O(69) 85.8(9) O(61) – W(4) – O(66) 173.9(9) 
O(52) – W(4) – O(66) 82.0(9) O(22) – W(6) – O(69) 83.1(8) 
O(10) – W(4) – O(66) 72.7(9) O(26) – W(6) – O(69) 83.4(8) 
O(94) – W(4) – O(66) 82.2(9) O(59) – W(6) – O(69) 73.9(8) 
O(22) – W(4) – O(66) 82.3(8) O(93) – W(6) – O(69) 82.2(9) 
O(86) – W(5) – O(19) 100.7(10) O(7) – W(7) – O(21) 99.3(11) 
O(86) – W(5) – O(50) 97.4(11) O(7) – W(7) – O(39) 102.0(11) 
O(19) – W(5) – O(50) 88.8(10) O(21) – W(7) – O(39) 93.1(10) 
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O(86) – W(5) – O(38) 97.9(11) O(7) – W(7) – O(28) 93.8(11) 
O(19) – W(5) – O(38) 88.2(10) O(21) – W(7) – O(28) 165.8(9) 
O(50) – W(5) – O(38) 164.7(10) O(39) – W(7) – O(28) 89.5(9) 
O(86) – W(5) – O(75) 97.3(10) O(7) – W(7) – O(26) 100.0(10) 
O(19) – W(5) – O(75) 162.0(10) O(21) – W(7) – O(26) 87.2(9) 
O(50) – W(5) – O(75) 89.4(10) O(39) – W(7) – O(26) 157.6(9) 
O(38) – W(5) – O(75) 88.8(10) O(28) – W(7) – O(26) 85.0(8) 
O(86) – W(5) – O(65) 171.5(9) O(7) – W(7) – O(72) 176.2(10) 
O(19) – W(5) – O(65) 87.8(8) O(21) – W(7) – O(72) 84.2(9) 
O(50) – W(5) – O(65) 83.5(9) O(39) – W(7) – O(72) 76.1(9) 
O(38) – W(5) – O(65) 81.4(9) O(28) – W(7) – O(72) 83.0(8) 
O(75) – W(5) – O(65) 74.3(8) O(26) – W(7) – O(72) 81.7(8) 
O(49) – W(6) – O(22) 97.0(11) O(106) – W(8) – O(14) 104.2(13) 
O(49) – W(6) – O(26) 99.4(10) O(106) – W(8) – O(89) 102.7(14) 
O(22) – W(6) – O(26) 87.0(9) O(14) – W(8) – O(89) 86.5(10) 
O(49) – W(6) – O(59) 103.3(10) O(106) – W(8) – W(97) 100.4(14) 
O(22) – W(6) – O(59) 90.6(10) O(14) – W(8) – O(97) 91.1(10) 
O(26) – W(6) – O(59) 157.3(9) O(89) – W(8) – O(97) 156.7(10) 
O(49) – W(6) – O(93) 97.8(11) O(106) – W(8) – O(34) 96.6(13) 
O(22) – W(6) – O(93) 164.8(9) O(14) – W(8) – O(34) 159.1(9) 
O(26) – W(6) – O(93) 87.1(9) O(89) – W(8) – O(34) 87.6(9) 
O(59) – W(6) – O(93) 89.5(10) O(97) – W(8) – O(34) 86.4(9) 
O(49) – W(6) – O(69) 177.2(10) O(106) – W(8) – O(74) 165.8(13) 
O(14) – W(8) – O(74) 87.9(9) O(63) – W(10) – O(73) 80.2(10) 
O(89) – W(8) – O(74) 85.2(9) O(1) – W(10) – (O73) 83.3(9) 
O(97) – W(8) – O(74) 71.5(9) O(45) – W(10) – O(73) 71.1(8) 
O(34) – W(8) – O(74) 71.6 (8) O(115) – W(10) – O(73) 84.7(9) 
O(54) – W(9) – O(94) 103.3(11) O(44) – W(11) – O(43) 96.7(11) 
O(54) – W(9) – O(46) 99.6(12) O(44) – W(11) – O(47) 100.1(11) 
O(94) – W(9) – O(46) 156.6(10) O(43) – W(11) – O(47) 92.8(10) 
O(54) – W(9) – O(58) 98.9(11) O(44) – W(11) – O(2) 97.7(12) 
O(94) – W(9) – O(58) 85.1(10) O(43) – W(11) – O(2) 90.4(10) 
O(46) – W(9) – O(58) 87.0(10) O(47) – W(11) – O(2) 161.4(9) 
O(54) – W(9) – O(53) 102.2(12) O(44) – W(11) – O(27) 103.5(11) 
O(94) – W(9) – O(53) 90.3(10) O(43) – W(11) – O(27) 159.7(10) 
O(46) – W(9) – O(53) 89.2(10) O(47) – W(11) – O(27) 86.3 (9) 
O(58) – W(9) – O(53) 158.9(10) O(2) – W(11) – O(27) 84.5(10) 
O(54) – W(9) – O(76) 172.1(11) O(44) – W(11) – O(70) 169.2(10) 
O(94) – W(9) – O(76) 83.7(9) O(43) – W(11) – O(70) 72.6(8) 
O(46) – W(9) – O(76) 73.8(9) O(47) – W(11) – O(70) 82.0(8) 
O(58) – W(9) – O(76) 85.3(9) O(2) – W(11) – O(70) 81.5(9) 
O(53) – W(9) – O(76) 73.7(9) O(27) – W(11) – O(70) 87.2(8) 

O(30) – W(10) – O(63) 101.7(12) O(111) – W(12) – O(38) 99.7(12) 
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O(30) – W(10) – O(1) 95.9(12) O(111) – W(12) – O(24) 99.4(11) 
O(63) – W(10) – O(1) 161.8(10) O(38) – W(12) – O(24) 91.4(11) 
O(30) – W(10) – O(45) 99.1(11) O(111) – W(12) – O(57) 102.1(11)  
O(63) – W(10) – O(45) 92.2(11) O(38) – W(12) – O(57) 89.9(10) 
O(1) – W(10) – O(45) 89.7(10) O(24) – W(12) – O(57) 157.9(10) 

O(30) – W(10) – O(115) 105.1(12) O(111) – W(12) – O(116) 97.3(12) 
O(63) – W(10) – O(115) 84.4(11) O(38) – W(12) – O(116) 162.5(11) 
O(1) – W(10) – O(115) 86.5(10) O(24) – W(12) – O(116) 89.9(11) 

O(45) – W(10) – O(115) 155.8(9) O(57) – W(12) – O(116) 82.5(10) 
O(30) – W(10) – O(73) 170.1(11) O(111) – W(12) – O(71) 172.5(10) 
O(38) – W(12) – O(71) 81.8(9) O(15) – W(14) – O(67) 82.2(8) 
O(24) – W(12) –O(71) 73.1(9) O(8) – W(14) – O(67) 84.8(8) 
O(57) – W(12) – O(71) 85.3(9) O(23) – W(14) – O(67) 73.3(8) 

O(116) – W(12) – O(71) 81.9(9) O(9) – W(14) – O(67) 80.9(8) 
O(17) – W(13) – O(24) 98.7(12) O(60) – W(15) – O(42) 102.7(11) 
O(17) – W(13) – O(55) 100.1(12) O(60) – W(15) – O(15) 99.6(10) 
O(24) – W(13) – O(55) 91.8(10) O(42) – W(15) – O(15) 88.7(10) 
O(17) – W(13) – O(64) 95.8(12) O(60) – W(15) – O(11) 98.2(11) 
O(24) – W(13) – O(64) 85.3(10) O(42) – W(15) – O(11) 87.1(10) 
O(55) – W(13) – O(64) 164.1(10) O(15) – W(15) – O(11) 162.1(8) 
O(17) – W(13) – O(42) 106.1(12) O(60) – W(15) – O(39) 101.5(11) 
O(24) – W(13) – O(42) 154.3 (9) O(42) – W(15) – O(39) 155.4(10) 
O(55) – W(13) – O(42) 90.4(10) O(15) – W(15) – O(39) 91.9(9) 
O(64) – W(13) – O(42) 85.6(10) O(11) – W(15) – O(39) 84.9(9) 
O(17) – W(13) – O(71) 170.8(11) O(60) – W(15) – O(72) 175.3(10) 
O(24) – W(13) – O(71) 72.4(8) O(42) – W(15) – O(72) 81.7(9) 
O(55) – W(13) – O(71) 83.0(8) O(15) – W(15) – O(72) 82.0(8) 
O(64) – W(13) – O(71) 81.2(8) O(11) – W(15) – O(72) 80.2(8) 
O(42) – W(13) – O(71) 82.4(8) O(39) – W(15) – O(72) 74.0(9) 
O(41) – W(14) – O(15) 100.3(10) O(25) – W(16) – O(20) 100.9(9) 
O(41) – W(14) – O(8) 99.7(10) O(25) – W(16) – O(1) 99.2(10) 
O(15) – W(14) – O(8) 88.8(9) O(20) – W(16) – O(1) 88.5(9) 
O(41) – W(14) – O(23) 102.1(10)  O(25) – W(16) – O(43) 101.5(10)  
O(15) – W(14) – O(23) 90.0(9) O(20) – W(16) – O(43) 157.1(9) 
O(8) – W(14) – O(23) 158.0(9) O(1) – W(16) – O(43) 92.6(10) 
O(41) – W(14) – O(9) 96.8(10) O(25) – W(16) – O(14) 95.9(10) 
O(15) – W(14) – O(9) 162.7(8) O(20) – W(16) – O(14) 84.7(9) 
O(8) – W(14) – O(9) 85.7(9) O(1) – W(16) – O(14) 164.3(10) 
O(23) – W(14) – O(9) 89.1(9) O(43) – W(16) – O(14) 88.4(10) 
O(41) – W(14) – O(67) 174.8(9) O(25) – W(16) – O(70) 172.2(9) 
O(20) – W(16) – O(70) 86.2(7) O(12) – W(18) – O(74) 82.7(9) 
O(1) – W(16) – O(70) 84.2(9) O(88) – W(18) – O(74) 70.8(9) 
O(43) – W(16) – O(70) 71.2(8) O(97) – W(18) – O(74) 72.9(9) 
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O(14) – W(16) – O(70) 81.2(8) O(47) – W(18) – O(74) 83.1(8) 
O(80) – W(17) – O(53) 99.5(10) O(102) – W(19) – O(16) 103.8(12) 
O(80) – W(17) – O(50) 101.9(11) O(102) – W(19) – O(35) 101.7(12) 
O(53) – W(17) – O(50) 158.6(10) O(16) – W(19) – O(35) 86.4(10) 
O(80) – W(17) – O(95) 101.4(11) O(102) – W(19) – O(88) 101.9(12) 
O(53) – W(17) – O(95) 88.4(10) O(16) – W(19) – O(88) 86.8(10) 
O(50) – W(17) – O(95) 87.1(11) O(35) – W(19) – O(88) 156.4(10) 
O(80) – W(17) – O(84) 101.8(10) O(102) – W(19) – O(34) 99.6(12) 
O(53) – W(17) – O(84) 89.7(10) O(16) – W(19) – O(34) 156.6(10) 
O(50) – W(17) – O(84) 86.2(10) O(35) – W(19) – O(34) 90.3(9) 
O(95) – W(17) – O(84) 156.8(10) O(88) – W(19) – O(34) 86.9(10) 
O(80) – W(17) – O(76) 171.8(10) O(102) – W(19) – O(74) 169.5(11) 
O(53) – W(17) – O(76) 74.3(9) O(16) – W(19) – O(74) 83.8(9) 
O(50) – W(17) – O(76) 84.4(9) O(35) – W(19) – O(74) 85.9(9) 
O(95) – W(17) – O(76) 73.4(10) O(88) – W(19) – O(74) 70.8(9) 
O(84) – W(17) – O(76) 83.8(9) O(34) – W(19) – O(74) 72.8(8) 
O(51) – W(18) – O(12) 100.0(11) O(119) – W(20) – O(2) 98.7(12) 
O(51) – W(18) – O(88) 104.9(11) O(119) – W(20) – O(45) 101.2(11) 
O(12) – W(18) – O(88) 86.8(10) O(2) – W(20) – O(45) 91.9(10) 
O(51) – W(18) – O(97) 104.8(11) O(119) – W(20) – O(81) 100.7(12) 
O(12) – W(18) – O(97) 155.0(10) O(2) – W(20) – O(81) 88.6(11) 
O(88) – W(18) – O(97) 90.1(10) O(45) – W(20) – O(81) 157.7(11) 
O(51) – W(18) – O(47) 101.4(10) O(119) – W(20) – O(87) 97.6(12) 
O(12) – W(18) – O(47) 86.3(9) O(2) – W(20) – O(87) 163.4(10) 
O(88) – W(18) – O(47) 153.6(10) O(45) – W(20) – O(87) 88.0(10) 
O(97) – W(18) – O(47) 85.5(9) O(81) – W(20) – O(87) 85.2(11) 
O(51) – W(18) – O(74) 174.9(10) O(119) – W(20) – O(73) 172.8(11) 
O(2) – W(20) – O(73) 84.2(9) O(101) – W(22) – O(98) 80.7(10) 
O(45) – W(20) – O(73) 72.0(9) O(100) – W(22) – O(98) 72.1(9) 
O(81) – W(20) – O(73) 85.9(10) O(79) – W(22) – O(98) 85.6(9) 
O(87) – W(20) – O(73) 80.0(9) O(16) – W(22) – O(98) 82.2(9) 

O(105) – W(21) – O(115) 102.7(12) O(32) – W(23) – O(10) 100.9(11) 
O(105) – W(21) – O(99) 99.7(13) O(32) – W(23) – O(84) 98.2(11) 
O(115) – W(21) – O(99) 157.5(11) O(10) – W(23) – O(84) 89.5(10) 
O(105) – W(21) – O(4) 99.9(12) O(32) – W(23) – O(19) 100.8(10) 
O(115) – W(21) – O(4) 89.2(10) O(10) – W(23) – O(19) 158.2(10) 
O(99) – W(21) – O(4) 88.7(11) O(84) – W(23) – O(19) 87.8(10) 

O(105) – W(21) – O(56) 94.8(12) O(32) – W(23) – O(18) 97.3(11) 
O(115) – W(21) – O(56) 85.0(10) O(10) – W(23) – O(18) 90.2(10) 
O(99) – W(21) – O(56) 91.4(11) O(84) – W(23) – O(18) 164.2(9) 
O(4) – W(21) – O(56) 165.0(10) O(19) – W(23) – O(18) 86.6(9) 

O(105) – W(21) – O(78) 172.6(11) O(32) – W(23) – O(66) 172.7(10) 
O(115) – W(21) – O(78) 84.4(9) O(10) – W(23) – O(66) 71.7(9) 
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O(99) – W(21) – O(78) 73.1(11) O(84) – W(23) – O(66) 82.4(9) 
O(4) – W(21) – O(78) 82.2(9) O(19) – W(23) – O(66) 86.5(9) 
O(56) – W(21) – O(78) 83.5(9) O(18) – W(23) – O(66) 82.6(9) 

O(107) – W(22) – O(101) 99.7(11) O(31) – W(24) – O(11) 104.2(11) 
O(107) – W(22) – O(100) 102.1(10) O(31) – W(24) – O(64) 101.6(11) 
O(101) – W(22) – O(100) 89.7(11) O(11) – W(24) – O(64) 89.6(10) 
O(107) – W(22) – O(79) 100.2(10) O(31) – W(24) – O(113) 99.6(12) 
O(101) – W(22) – O(79) 87.9(11) O(11) – W(24) – O(113) 86.9(11) 
O(100) – W(22) – O(79) 157.7(9) O(64) – W(24) – O(113) 158.7(11) 
O(107) – W(22) – O(16) 98.0(10) O(31) – W(24) – O(6) 99.2(11) 
O(101) – W(22) – O(16) 161.6(10) O(11) – W(24) – O(6) 156.4(9) 
O(100) – W(22) – O(16) 91.6(10) O(64) – W(24) – O(6) 88.7(10) 
O(79) – W(22) – O(16) 83.9(10) O(113) – W(24) – O(6) 86.2(10) 

O(107) – W(22) – O(98) 174.1(10) O(31) – W(24) – O(77) 169.4(10) 
O(11) – W(24) – O(77) 84.1(8) O(5) – W(26) – O(78) 81.8(8) 
O(64) – W(24) – O(77) 84.8(9) O(40) – W(26) – O(78) 81.6(9) 

O(113) – W(24) – O(77) 73.9(10) O(99) – W(26) – O(78) 71.9(10) 
O(6) – W(24) – O(77) 72.3(8) O(114) – W(27) – O(37) 98.7(12) 
O(108) – W(25) – O(9) 103.6(13) O(114) – W(27) – O(27) 101.6(11) 

O(108) – W(25) – O(95) 99.6(14) O(37) – W(27) – O(27) 87.9(10) 
O(9) – W(25) – O(95) 156.7(10) O(114) – W(27) – O(100) 97.2(11) 

O(108) – W(25) – O(13) 101.1(13) O(37) – W(27) – O(100) 90.8 (10) 
O(9) – W(25) – O(13) 86.7(9) O(27) – W(27) – O(100) 161.2(10) 
O(95) – W(25) – O(13) 86.7(10) O(114) – W(27) – O(12) 97.8(11) 

O(108) – W(25) – O(46) 101.1(13) O(37) – W(27) – O(12) 163.4(10) 
O(95) – W(25) – O(46) 91.1(11) O(27) – W(27) – O(12) 88.7(10) 
O(13) – W(25) – O(46) 157.5(10) O(100) – W(27) – O(12) 87.3(10) 

O(108) – W(25) – O(76) 171.1(13) O(114) – W(27) – O(98) 172.5(10) 
O(9) – W(25) – O(76) 83.6(9) O(37) – W(27) – O(98) 82.5(10) 
O(95) – W(25) – O(76) 73.5(10) O(27) – W(27) – O(98) 85.9(9) 
O(13) – W(25) – O(76) 84.4(9) O(100) – W(27) – O(98) 75.3(10) 
O(46) – W(25) – O(76) 73.5(9) O(12) – W(27) – O(98) 81.1(10) 

O(103) – W(26) – O(109) 103.9(12) O(29) – W(28) – O(79) 100.8(10) 
O(103) – W(26) – O(5) 100.3(11) O(29) – W(28) – O(5) 99.4(10) 
O(109) – W(26) – O(5) 87.4(10) O(79) – W(28) – O(5) 91.7(9) 

O(103) – W(26) – O(40) 96.7(11) O(29) – W(28) – O(3) 98.5(10) 
O(109) – W(26) – O(40) 85.4(11) O(79) – W(28) – O(3) 159.7(9) 
O(5) – W(26) – O(40) 162.7(9) O(5) – W(28) – O(3) 91.4(8) 

O(103) – W(26) – O(99) 101.6(12) O(29) – W(28) – O(35) 96.5(10) 
O(109) – W(26) – O(99) 154.5(11) O(79) – W(28) – O(35) 85.1(9) 
O(5) – W(26) – O(99) 89.8(10) O(5) – W(28) – O(35) 164.1(8) 
O(40) – W(26) – O(99) 89.9(11) O(3) – W(28) – O(35) 86.5(9) 

O(103) – W(26) – O(78) 173.2(11) O(29) – W(28) – O(68) 172.1(10) 
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O(109) – W(26) – O(78) 82.6(10) O(79) – W(28) – O(68) 87.0(8) 
O(5) – W(28) – O(68) 81.6(8) O(28) – W(30) – O(77) 85.8(8) 
O(3) – W(28) – O(68) 73.6(7) O(90) – W(30) – O(77) 73.9(9) 
O(35) – W(28) – O(68) 82.7(8) O(113) – W(30) – O(77) 74.1(10) 

O(104) – W(29) – O(55) 97.6(11) O(112) – W(31) – O(116) 103.1(12) 
O(104) – W(29) – O(8) 100.0(11) O(112) – W(31) – O(62) 103.7(11) 
O(55) – W(29) – O(8) 89.0(10) O(116) – W(31) – O(62) 84.2(11) 

O(104) – W(29) – O(13) 98.4(11) O(112) – W(31) – O(6) 99.7(11) 
O(55) – W(29) – O(13) 164.1(9) O(116) – W(31) – O(6) 89.1(10) 
O(8) – W(29) – O(13) 87.7(10) O(62) – W(31) – O(6) 156.6(10) 

O(104) – W(29) – O(75) 100.6(11) O(112) – W(31) – O(90) 99.6(11) 
O(55) – W(29) – O(75) 88.7(10)  O(116) – W(31) – O(90) 157.3(11)  
O(8) – W(29) – O(75) 159.4(9) O(62) – W(31) – O(90) 90.2(10) 
O(13) – W(29) – O(75) 89.0(10) O(6) – W(31) – O(90) 87.4(9) 

O(104) – W(29) – O(65) 175.1(10) O(112) – W(31) – O(77) 170.4(10) 
O(55) – W(29) – O(65) 81.6(9) O(116) – W(31) – O(77) 83.6(10) 
O(8) – W(29) – O(65) 84.8(8) O(62) – W(31) – O(77) 83.6(9) 
O(13) – W(29) – O(65) 82.6(8) O(6) – W(31) – O(77) 73.3(8) 
O(75) – W(29) – O(65) 74.6(8) O(90) – W(31) – O(77) 73.9(9) 
O(92) – W(30) – O(93) 101.5(11) O(121) – W(32) – O(109) 103.5(12) 
O(92) – W(30) – O(28) 100.5(10) O(121) – W(32) – O(110) 100.8(13) 
O(93) – W(30) – O(28) 85.9(10) O(109) – W(32) – O(110) 155.3(11) 
O(92) – W(30) – O(90) 100.2(11) O(121) – W(32) – O(117) 95.8(13) 
O(93) – W(30) – O(90) 87.4(10) O(109) – W(32) – O(117) 83.8(12) 
O(28) – W(30) – O(90) 159.2(9) O(110) – W(32) – O(117) 89.1(12) 

O(92) – W(30) – O(113) 101.1(11) O(121) – W(32) – O(101) 100.8(13) 
O(93) – W(30) – O(113) 157.3(11) O(109) – W(32) – O(101) 90.3(11) 
O(28) – W(30) – O(113) 90.7(10) O(110) – W(32) – O(101) 89.8(12) 
O(90) – W(30) – O(113) 88.0(11) O(117) – W(32) – O(101) 163.3(11) 
O(92) – W(30) – O(77) 172.3(10) O(121) – W(32) – O(85) 172.5(12) 
O(93) – W(30) – O(77) 83.3(9) O(109) – W(32) – O(85) 83.1(9) 

O(110) – W(32) – O(85) 72.4(10) O(110) – W(34) – O(85) 73.7(10) 
O(117) – W(32) – O(85) 81.3(10) O(37) – W(34) – O(85) 83.4(9) 
O(101) – W(32) – O(85) 82.5(10) O(83) – W(34) – O(85) 83.4(9) 
O(122) – W(33) – O(82) 103.5(14) O(120) – W(35) – O(117) 103.4(13) 
O(122) – W(33) – O(56) 101.8(13) O(120) – W(35) – O(123) 100.3(14) 
O(82) – W(33) – O(56) 90.4(11) O(117) – W(35) – O(123) 93.0(13) 

O(122) – W(33) – O(118) 99.9(14) O(120) – W(35) – O(40) 102.2(13) 
O(82) – W(33) – O(118) 87.8(12) O(117) – W(35) – O(40) 85.3(11) 
O(56) – W(33) – O(118) 158.1(11) O(123) – W(35) – O(40) 157.3(12) 
O(122) – W(33) – O(63) 103.0(13) O(120) – W(35) – O(82) 100.9(13) 
O(82) – W(33) – O(63) 153.5(12)  O(117) – W(35) – O(82) 155.6(12)  
O(56) – W(33) – O(63) 83.1(11) O(123) – W(35) – O(82) 85.1(13) 
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O(118) – W(33) – O(63) 88.8(12) O(40) – W(35) – O(82) 87.2(11) 
O(122) – W(33) – O(91) 169.6(13) O(120) – W(35) – O(91) 168.8(12) 
O(82) – W(33) – O(91) 71.7(11) O(117) – W(35) – O(91) 85.0(11) 
O(56) – W(33) – O(91) 87.6(10) O(123) – W(35) – O(91) 71.6(12) 

O(118) – W(33) – O(91) 71.2(11) O(40) – W(35) – O(91) 85.7(10) 
O(63) – W(33) – O(91) 82.4(10) O(82) – W(35) – O(91) 71.2(11) 

O(124) – W(34) – O(81) 99.4(14) O(96) – W(36) – O(83) 102.3(11) 
O(124) – W(34) – O(110) 102.4(14) O(96) – W(36) – O(87) 101.8(12) 
O(81) – W(34) – O(110) 158.2(12) O(83) – W(36) – O(87) 86.2(10) 
O(124) – W(34) – O(37) 97.5(13) O(96) – W(36) – O(118) 100.8(12) 
O(81) – W(34) – O(37) 85.7(11) O(83) – W(36) – O(118) 156.9(11) 

O(110) – W(34) – O(37) 91.8(11) O(87) – W(36) – O(118) 90.4(11) 
O(124) – W(34) – O(83) 96.3(13) O(96) – W(36) – O(123) 102.2(13) 
O(81) – W(34) – O(83) 85.6(10) O(83) – W(36) – O(123) 89.3(11) 

O(110) – W(34) – O(83) 91.6(11) O(87) – W(36) – O(123) 156.0(12) 
O(37) – W(34) – O(83) 164.7(9) O(118) – W(36) – O(123) 84.6(12) 

O(124) – W(34) – O(85) 176.1(12) O(96) – W(36) – O(91) 170.5(12) 
O(81) – W(34) – O(85) 84.5(10) O(83) – W(36) – O(91) 84.8(10) 
O(87) – W(36) – O(91) 84.8(10) W(21) – O(4) – W(3) 162.2(13) 

O(118) – W(36) – O(91) 72.1(11) W(28) – O(5) – W(26) 162.4(12) 
O(123) – W(36) – O(91) 71.3(12) W(31) – O(6) – W(24) 123.2(12) 

O(67) – P(1) – O(66) 110.8(12) W(29) – O(8) – W(14) 150.7(13) 
O(67) – P(1) – O(65) 111.2(12) W(25) – O(9) – W(14) 151.6(12) 
O(66) – P(1) – O(65) 113.0(12) W(23) – O(10) – W(4) 125.3(13) 
O(67) – P(1) – O(76) 106.8(13) W(24) – O(11) – W(15) 147.9(13) 
O(66) – P(1) – O(76) 107.4(13) W(18) – O(12) – W(27) 150.2(13) 
O(65) – P(1) – O(76) 107.3(13) W(29) – O(13) – W(25) 148.9(13) 
O(68) – P(2) – O(98) 113.4(13) W(8) – O(14) – W(16) 151.5(13) 
O(68) – P(2) – O(70) 110.7(11)  W(14) – O(15) – W(15) 163.0(12)  
O(98) – P(2) – O(70) 109.1(12) W(19) – O(16) – W(22) 152.7(14) 
O(68) – P(2) – O(74) 108.9(12) W(2) – O(18) – W(23) 161.5(13) 
O(98) – P(2) – O(74) 108.3(13) W(5) – O(19) – W(23) 146.0(13) 
O(70) – P(2) – O(74) 106.1(11) W(16) – O(20) – W(3) 152.0(11) 
O(72) – P(3) – O(71) 111.8(12) W(7) – O(21) – W(1) 163.7(13) 
O(72) – P(3) – O(69) 109.6(13) W(6) – O(22) – W(4) 162.9(13) 
O(71) – P(3) – O(69) 112.8(12) W(1) – O(23) – W(14) 123.2(11) 
O(72) – P(3) – O(77) 109.6(13) W(12) – O(24) – W(13) 124.6(13) 
O(71) – P(3) – O(77) 107.1(12) W(6) – O(26) – W(7) 150.7(11) 
O(69) – P(3) – O(77) 105.6(12) W(27) – O(27) – W(11) 146.9(13) 
O(85) – P(4) – O(78) 111.9(14) W(7) – O(28) – W(30) 151.7(11) 
O(85) – P(4) – O(73) 111.5(13) W(28) – O(29) – Cu(1) 106(5) 
O(78) – P(4) – O(73) 112.0(13) W(19) – O(34) – W(8) 121.6(11) 
O(85) – P(4) – O(91) 106.9(14) W(19) – O(35) – W(28) 150.3(13) 
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O(78) – P(4) – O(91) 108.9(14) W(27) – O(37) – W(34) 165.6(13) 
O(73) – P(4) – O(91) 105.3(13) W(12) – O(38) – W(5) 162.1(14) 

W(16) – O(1) – W(10) 165.2(14) W(7) – O(39) – W(15) 122.3(12) 
W(20) – O(2) – W(11) 166.4(14) W(26) – O(40) – W(35) 150.5(14) 
W(28) – O(3) – W(3) 121.6(10) W(15) – O(42) – W(13) 155.4(14) 

W(11) – O(43) – W(16) 124.0(12) W(6) – O(69) – W(2) 89.9(7) 
W(20) – O(45) – W(10) 124.8(11) P(2) – O(70) – W(11) 127.5(11) 
W(9) – O(46) – W(25) 122.1(13) P(2) – O(70) – W(16) 128.3(11) 

W(18) – O(47) – W(11) 153.7(12) W(11) – O(70) – W(16) 92.0(7) 
W(17) – O(50) – W(5) 148.9(13) P(3) – O(71) – W(12) 128.8(11) 
W(1) – O(52) – W(4) 153.0(13) P(3) – O(71) – W(13) 129.0(12) 
W(17) – O(53) – W(9) 121.9(12) W(12) – O(71) – W(13) 89.2(7) 

W(29) – O(55) – W(13) 161.6(14) P(3) – O(72) – W(7) 129.6(13) 
W(33) – O(56) – W(21) 151.1(14) P(3) – O(72) – W(15) 127.9(13) 
W(2) – O(57) – W(12) 152.3(14) W(7) – O(72) – W(15) 87.1(8) 
W(1) – O(58) – W(9) 149.2(13)  P(4) – O(73) – W(20) 128.9(13)  
W(2) – O(59) – W(6) 123.3(11) P(4) – O(73) – W(10) 128.1(13) 
W(31) – O(62) – W(2) 153.4(14) W(20) – O(73) – W(10) 91.9(8) 

W(10) – O(63) – W(33) 155.8(15) P(2) – O(74) – W(19) 123.8(12) 
W(24) – O(64) – W(13) 148.2(14) P(2) – O(74) – W(18) 124.8(12) 

P(1) – O(65) – W(5) 126.8(12) W(19) – O(74) – W(18) 92.2(8) 
W(6) – O(22) – W(4) 162.9(13) P(2) – O(74) – W(8) 121.2(12) 
P(1) – O(65) – W(29) 128.1(12) W(19) – O(74) – W(8) 94.0(8) 
W(5) – O(65) – W(29) 90.7(7) W(18) – O(74) – W(8) 92.3(8) 
P(1) – O(66) – W(4) 128.8(13) W(29) – O(75) – W(5) 120.4(11) 

P(1) – O(66) – W(23) 126.5(13) P(1) – O(76) – W(25) 125.4(13) 
W(4) – O(66) – W(23) 90.2(7) P(1) – O(76) – W(9) 125.1(13) 
P(1) – O(67) – W(1) 129.0(12) W(25) – O(76) – W(9) 90.2(9) 

P(1) – O(67) – W(14) 128.5(12) P(1) – O(76) – W(17) 124.9(14) 
W(1) – O(67) – W(14) 89.1(7) W(25) – O(76) – W(17) 90.1(8) 
P(2) – O(68) – W(3) 129.0(12) W(9) – O(76) – W(17) 90.1(8) 

P(2) – O(68) – W(28) 125.4(12) P(3) – O(77) – W(31) 126.6(12) 
W(3) – O(68) – W(28) 90.3(7) P(3) – O(77) – W(30) 125.1(11) 
P(3) – O(69) – W(6) 129.6(12) W(31) – O(77) – W(30) 90.5(7) 
P(3) – O(69) – W(2) 127.0(12) P(3) – O(77) – W(24) 123.0(11) 

W(31) – O(77) – W(24) 91.1(7) W(21) – O(99) – W(26) 125.3(15) 
W(30) – O(77) – W(24) 89.9(7) W(27) – O(100) – W(22) 123.7(13) 
P(4) – O(78) – W(21) 128.0(14) W(22) – O(101) – W(32) 163.8(16) 
P(4) – O(78) – W(26) 128.2(14) W(26) – O(109) – W(32) 154.5(15) 

W(21) – O(78) – W(26) 89.6(9) W(34) – O(110) – W(32) 124.0(15) 
W(28) – O(79) – W(22) 151.1(13) W(30) – O(113) – W(24) 122.1(15) 
W(34) – O(81) – W(20) 151.2(16) W(21) – O(115) – W(10) 151.3(14) 
W(33) – O(82) – W(35) 125.8(15) W(31) – O(116) – W(12) 152.8(16) 
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W(36) – O(83) – W(34) 149.8(13) W(35) – O(117) – W(32) 152.6(17) 
W(23) – O(84) – W(17) 151.5(12) W(33) – O(118) – W(36) 124.9(15) 
P(4) – O(85) – W(34) 128.6(13)  W(35) – O(123) – W(36) 123.2(17)  
P(4) – O(85) – W(32) 127.0(14) C(12) – C(1) – C(3) 123(3) 

W(34) – O(85) – W(32) 89.8(8) C(3) – C(2) – C(13) 130(4) 
W(36) – O(87) – W(20) 151.7(14) C(3) – C(2) – C(24) 124(4) 
W(18) – O(88) – W(19) 126.2(13) C(13) – C(2) – C(24) 106(3) 

W(8) – O(89) – W(3) 149.1(14) C(16) – C(3) – C(2) 132(4) 
W(30) – O(90) – W(31) 121.8(12) C(16) – C(3) – C(1) 110(4) 
P(4) – O(91) – W(36) 125.4(15) C(2) – C(3) – C(1) 116(4) 
P(4) – O(91) – W(35) 122.9(14) C(5) – C(4) – C(27) 119(3) 

W(36) – O(91) – W(35) 93.8(10) C(5) – C(4) – C(6) 125(3) 
P(4) – O(91) – W(33) 122.4(14) C(27) – C(4) – C(6) 117(3) 

W(36) – O(91) – W(33) 91.9(9) C(10) – C(5) – C(4) 127(3) 
W(35) – O(91) – W(33) 91.3(10) C(22) – C(6) – C(29) 121(4) 
W(30) – O(93) – W(6) 149.9(14) C(22) – C(6) – C(4) 122(3) 
W(9) – O(94) – W(4) 152.5(13) C(29) – C(6) – C(4) 117(3) 

W(17) – O(95) – W(25) 122.7(14) C(15) – C(7) – C(17) 118(4) 
W(18) – O(97) – W(8) 123.3(12) C(15) – C(7) – C(8) 127(4) 
P(2) – O(98) – W(27) 129.4(14) C(17) – C(7) – C(8) 114(3) 
P(2) – O(98) – W(22) 124.1(14) C(25) – C(8) – C(18) 117(4) 

W(27) – O(98) – W(22) 88.9(8) C(25) – C(8) – C(7) 123(3) 
C(18) – C(8) – C(7) 119(3) N(1) – C(9) – C(15) 115(4) 
C(11) – N(1) – C(9) 128(4) C(23) – C(28) – N(6) 116(4) 

C(40) – N(2) – C(42)  118(4) C(38) – C(29) – C(6) 118(4) 
C(5) – C(10) – N(5) 113(4) C(45) – C(30) – C(19) 115(4) 

C(14) – N(3) – C(12) 126(4) C(32) – N(6) – C(28) 119(4) 
N(1) – C(11) – C(17) 114(3) C(34) – C(31) – C(39) 122(4) 
C(1) – C(12) – N(3) 116(3) C(34) – C(31) – C(41) 125(3) 
C(26) – C(13) – C(2) 127(3) C(39) – C(31) – C(41) 113(4) 
N(3) – C(14) – C(16) 115(4) C(45) – N(7) – C(36) 128(5) 
C(7) – C(15) – C(9) 124(4) N(6) – C(32) – C(33) 124(3) 

C(3) – C(16) – C(14) 126(4) C(21) – C(33) – C(32) 113(4) 
C(11) – C(17) – C(7) 119(4) C(38) – N(8) – C(37) 120(5) 
C(42) – C(18) – C(8) 118(5) C(19) – C(35) – C(36) 121(4) 

C(35) – C(19) – C(21) 122(3) N(7) – C(36) – C(35) 114(4) 
C(35) – C(19) – C(30) 117(4) N(8) – C(37) – C(22) 115(4) 
C(21) – C(19) – C(30) 121(3) C(29) – C(38) – N(8) 125(5) 
C(26) – N(4) – C(20) 123(4) C(31) – C(39) – C(50) 114(5) 
C(24) – C(20) – N(4) 121(4) N(2) – C(40) – C(25) 123(4) 
C(43) – N(5) – C(10) 131(4) C(28) – C(23) – C(21) 128(5) 
C(23) – C(21) – C(33) 120(4) C(20) – C(24) – C(2) 125(4) 
C(23) – C(21) – C(19) 122(4) C(8) – C(25) – C(40) 115(4) 
C(33) – C(21) – C(19) 118(4) N(4) – C(26) – C(13) 118(4) 
C(6) – C(22) – C(37) 119(4)   
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