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Abstract

This thesis describes the chemical vapour deposition (CVD) of tungsten oxide 

thin films on glass from a wide range of single-source precursors. Chapter 1 describes 

previous work that has motivated this research.

Chapter 2 discusses the synthesis of conventional style candidates for single- 

source precursors. Reactions of WOCI4  with 3-methyl sahcyhc acid (^^sahHg) and

3,5-di-tio-propyl sahcyhc acid ( '̂ '̂'saliHg) yielded the ditungsten complexes 

[{W0 rsa h )rsa liH )} 2 ( l̂-0 )], 1 , and [{W0 ("""'sah)C'"-^'saliH)}2 (|Ll-0 )], 2 , and the 

monotungsten complex [WO(^'''''sah)(^‘' ’’''sahH)Cl], 3. Tungsten(VI) dioxo complexes 

were prepared by hgand exchange reactions of [W0 2 (acac)J, 4, yielding [W0 2 (catH)2], 5, 

and [W0 2 (malt)2 ], 6 , (catH2  = 3,5-di-/^r^-butyl-catechol; maltH = maltol). Chapter 3 

describes thermal analyses of the complexes 1 —  6 and tungsten hexaphenoxide, and 

consequently their suitabhity for CVD.

The use of [W(OPh)J and 2 — 6  in aerosol assisted CVD is reported in Chapter 

4. Brown tungsten oxide was deposited from 2 and 3 at 600 °C; blue partiaUy-reduced 

WOj_  ̂ thin films were deposited from [W(OPh)J from 300 to 500 °C, from 4 at 600°C 

and 6  at 620°C. Sintering ah of the coatings in air at 550 °C afforded yeUow films of 

stoichiometric WO 3 . Raman spectroscopy and glancing angle XRD showed that 

coatings deposited from [W(OPh)g] at 300 °C were amorphous, whereas ah the other 

fihns were the monoclinic phase y-tungsten oxide.

Taking fuh advantage of the aerosol vaporisation technique led to the CVD of 

tungsten oxide fihns from polyoxometalate single-source precursors, as described in 

Chapter 5. The isopolyanion ['^u^N]2 [W^O^g], 7, afforded WO 3  at 410 °C; the 

heteropolyanions [Tu^N]^H3 [PW^ 0̂ 3 g], 8 , and ['Bu^Nj^jTNbW^^O^o], 9, were used to 

deposit doped WO 3  thin fihns in a highly-controUed manner at 480 °C. Thus, the 

unprecedented use of large, charged clusters for CVD was demonstrated.

Chapter 6  describes investigations of the tungsten oxide fihns as photocatalysts 

for the destruction of organic poUutants. FuUy-oxidised, yeUow WO 3 coatings showed 

exceUent photocatalytic activity for the destruction of an over-layer of stearic acid. This 

could lead to the apphcation of tungsten oxide fihns on glass as self-cleaning windows.
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Chapter 1 Introduction

Tungsten trioxide is an important material that has received much attention over the last 

three decades due to an interest in three commercial applications: electrochromic 

devices, semiconductor photocatalysis and gas sensing. The first two of these 

applications have been targeted by the glazing industry, and are of particular relevance 

to this research, which has been conducted in collaboration with Pilkington Glass. 

Chemical vapour deposition (CVD) is a technique for preparing thin fihns from 

molecular precursors on a large-scale particularly suited to in situ deposition on float 

glass lines. Most reports that have previously described the CVD of tungsten oxide, 

however, use dual-source precursors. Herein, a range of very different single-source 

precursors have been used for the deposition of tungsten oxide coatings.

This introductory chapter discusses research and ideas described within the chemical 

hterature that have motivated this work. First, the structure of tungsten trioxide and the 

appHcations that result from the properties of thin fihns of WO 3  are explained. This 

discussion is followed by an overview of methods for preparing tungsten oxide other 

than CVD. Subsequently, the technique of chemical vapour deposition is introduced 

and the CVD reactions that have previously been used for the preparation of tungsten 

oxide coatings are described, including the two hterature examples of the deposition of 

WO 3  from single-source precursors. The final section of the chapter discusses the 

concept of single-source precursors and details the aims of the project, which were to 

prepare a range of coordination complexes and explore their use as single-source 

precursors for the atmospheric pressure CVD of WO 3  thin films on glass.

Tungsten Oxide

Bulk tungsten trioxide, W O 3 , is a lemon yellow powder. Its ideahsed structure is often 

referred to as the “Re0 3 ” structure: a cubic array of corner sharing WOg octahedra. 

However, this ideahsed structure is never observed, instead many phases of tungsten 

trioxide exist that involve both tilting of the WOg octahedra and displacement of the 

tungsten atoms away from the centres of the octahedra.’ Figure 1.1 illustrates the

16



Chapter 1 Introduction

structure of the tetragonal phase of WO 3 . In order of increasing temperature, the 

following sequence of cn stal phases is currently accepted:"

0 to 230 K 

230 to 290 K 

290 to 600 K

600 to 1 0 1 0  K 

1010 to 1170 K

monoclinic (1 1 ) E-WO3  

triclinic Ô-WO3 

monoclinic (I) y-WO , 

orthorhombic P-WO3  

tetragonal OC-WO3

(a) (b)

z▲
► X

Figure 1.1 Structure of tetragonal Œ-WOj.  ̂ (a) Shows tungsten atoms in green 
and oxygen atoms in red; (b) depicts the corner-shared WO5 octahedra. The unit 
cell is highlighted in orange.

In addition, tungsten trioxide can accommodate a wide range of non-stoichiometry, ie. 

WO 3 (x = 0 -  0.5)'*. Partially-reduced tungsten trioxide contains oxygen deficiencies 

that manifest as ciystaUographic shear planes. Figure 1.2. Considering the corner- 

shared octahedra, the first step in the reduction involves the formation of vacant oxygen 

sites and the subsequent reduction of to The oxygen vacancies are not

distributed at random, but instead form at particular planes within the cr}"stal. A partial 

collapse of the structure eliminates a layer of vacancies, stabilising the structure and 

forming cristallographie shear planes. Whereas fully-oxidised WO 3 contains only 

corner-shared WOg octahedra, the shear planes are linked by edge-shared octahedra. If 

the crt staUographic shear planes occur at random intern als they are known as Wadsley 

defects; alternatively, regular spacing of the shear planes allows separate ordered phases 

to be identified.

17



Chapter 1 Introduction

(a)

(c)

Figure 1.2 Crystallographic shear planes in partially-reduced WÔ .̂ . Each 
crossed square represents a chain of corner-shared WO  ̂octahedra running 
perpendicular to the plane of the paper, (a) illustrates the parent, unreduced 
structure containing only corner-shared octahedra; (b) depicts the formation of a 
plane of oxygen vacancies; (c) portrays the collapse of the structure to generate 
crystallographic shear planes containing edge-shared WO  ̂octahedra. Adapted 
from reference.^

Whereas fuUy-oxidised WO 3 is pale yellow (or usually transparent as a thin film), 

partially-reduced WO 3 is blue. The change of colour of a material upon oxidation and 

reduction means that it is electrochromic.

f.2 Applications o f tungsten oxide

Two glazing applications of tungsten oxide thin films are particularly relevant to this 

research. First, Section 1.2.1 discusses the electrochromic behaviour of tungsten oxide 

that results in its application in electrochromic devices; secondly. Section 1.2.2 describes 

the concepts of semiconductor photocatalysis and photo-induced hydrophilicity that 

could lead to the application of WO3  as a self-cleaning coating.

18



Chapter 1 Introduction

1.2.1 Electrochromic devices

A material is electrochromic if it exhibits redox states with distinct optical properties. 

The electrochromic effect was discovered for tungsten oxide in 1969 by D eb/ and is 

described by Equation 1.1.

WO3  + X + X e" MjcWOa Equation 1.1

(M" = Li/ N a/ K")

Tungsten oxide is electrochromic because in its fully-oxidised state (W O 3) it is 

transparent, whereas when partially-reduced and incorporating charge-balancing cations 

(M^WOj) it is dark blue. Sufficiently crystalline is also a strong reflector of IR

radiation. The strong absorption of the coloured state is thought to be due to polaron 

hopping between and states.^ The amount of research investigating the 

electrochromic properties of tungsten oxide is immense; a review published by 

Granqvist^ detailing research from 1993 — 1998 contains over 600 references. Tungsten 

oxide is such a promising electrochromic material because the change in optical 

properties between the redox states is so great. In addition, fast electrochromic 

switching is possible because the corner-shared octahedra of the WO 3  structure create a 

3D network of channels that enable rapid migration of ions through the thin fihn.^

Commercial interest in electrochromic materials arises mainly from an interest in smart 

windows, and to a lesser extent in electrochromic displays. On a cold day a smart 

window operates with the transparent WO 3  phase allowing sunhght through the glass to 

heat the room. On a warm day, however, the blue M^W0 3  phase is employed to 

prevent sunhght entering the building and reduce cooling costs. A current is only 

required to change the optical properties, which are maintained in the absence of a 

current; thus the running costs of a smart window are exceptionaUy low.
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Chapter 1 Introduction

glass

transparent conducting electrode 

counter electrode

electrolyte

active electrode (WO3)

transparent conducting electrode

^ E ( V )

glass

Figure 1.3 Basic design of an electrochromic device such as a smart window or 
an electrochromic display.

The design of a basic electrochromic device consisting of a five-layer stack between two 

substrates is shown in Figure 1.3. The central layer is a solid inorganic or polymer 

electrolyte that allows the conduction of the small charge-balancing cations. The active 

tungsten oxide electrode is located on one side of the electrolyte layer, with an ion 

storage layer (usually a transidon metal oxide or mixed metal tixide)^ - the counter 

electrode, on the other side. The counter electrode must be oxidised as the active 

electrode is reduced, and vice versa, but it is usually transparent and not electrochromic. 

Two transparent conducting electrodes (usually SnOj or h- or In-doped SnO^) are 

located on the outside of the active and counter electrodes to allow an electric field to 

be applied across the device. However, if the counter electrode is sufficiently 

conducting, there is often no need for a further conducting electrode to be located 

between the counter electrode and the glass.

Applying a negative potential to the electrochromic layer moves the cations from the 

counter electrode to the active electrode, driving the forward reaction presented in 

Equation 1.1 and colouring the active electrode blue. Reversing the current drives the 

reverse reaction, moving the cations from the active electrode to the counter electrode 

and resulting in a bleaching of the colour from the active electrode.

The colouring efficiency. Equation 1.2, is often used to compare electrochromic thin 

fihns, with the highest colouring efficiencies being observed for amorphous W O 3. 

There are two reasons for this, first amorphous films are more porous, thus allowing
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faster ion diffusion and faster electrochromic switching;^ secondly amorphous films 

have shown greater visible absorption when in the coloured M^WO^ state/'^^'"

CE = A(OD)/AQ Equation 1.2

where CE = the colouring efficiency 
A(OD) = the change in optical density 
AQ = fractional charge insertion

A(OD) = (4TT/A)kd = ad Equation 1.3

where A = wavelength 
k = the extinction coefficient 
a  = the absorption coefficient 
d = film thickness

More unexpectedly, enhanced colouring efficiencies have been observed when using 

partiaUy-reduced WOj.^ electrodes. This has been attributed to the additional polaron 

hopping between and states."̂ ’̂ ’’̂  However, the use of WO^ layers does not 

allow a fully non-absorbing electrochromic state.

1.2.2 Self-cleaning coatings

Self-cleaning windows operate by two mechanisms: first the semiconductor acts as a 

catalyst for the photodegradation of over-layers of organic pollutants; secondly the thin 

film exhibits photo-induced hydrophilicity, allowing rainwater to form sheets that give 

effective dirt removal. These two mechanisms are described in Sections 1.2.2.1 and 

1.2 .2.2 .

1.2.2.1 Semiconductor photocatalysis

Semiconductor photocatalysis refers to the “acceleration of a photoreaction by the 

presence of a semiconductor catalyst”. A  semiconductor can be activated by 

irradiation with photons possessing energy greater than the bandgap. Thus, an electron, 

e~, is promoted to the conduction band of the semiconductor and a hole, h^, is left in 

the valence band. These species can then recombine, resulting in deactivation of the 

semiconductor, or migrate to the surface of the semiconductor where the 

photogenerated hole can oxidise electron acceptors and the photogenerated electron can 

reduce electron donors. Figure 1.4. For a photocatalyst to be efficient, the surface 

redox reactions must dominate over the electron — hole recombination reactions.
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V -^  \  conduction band

^valence band

semiconductor particle

A

i+&

D

Figure 1.4 The important processes that occur when a semiconductor undergoes 
photo-excitation. The photogenerated electron and hole can recombine either in 
the bulk (a) or at the surface (b). Alternatively, at the surface the photogenerated 
electron can reduce electron acceptors (c) and the photogenerated hole can 
oxidise electron donors (d). Adapted from reference.'^

It was realised in 1929 that the pigment titania (TiO^) caused fading in paints.'^ This is 

due to the photodegradation of the organic polymer binder, otherwise known as 

chalking.Fur thermore,  Fugishima and Honda' discovered in 1972 that titania 

electrodes can photocatalyse the splitting of water to evolve oxygen and hydrogen. 

Equation 1.4.

2HzO 2Hz + O2 Equation 1.4

Relating this reaction to Figure 1.4, protons are electron acceptors and are reduced by 

photogenerated electrons, and oxygen anions are electron donors and are oxidised by 

photogenerated holes. For the electron to reduce water the conduction band needs to 

be more negative than the hydrogen evolution potential (H^/Hj); for the hole to oxidise 

water the valence band needs to be more positive than the oxygen evolution potential 

((T/HgO). Figure 1.5 illustrates that this is the case for anatase TiO,.
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Figure 1.5 A comparison of relevant redox couples (versus normal hydrogen 
electrode at pH 0) and valence and conduction band positions’’ for anatase and 
tungsten oxide. For a chemical species to be photoreduced the conduction band 
of the semiconductor must be more negative than the reduction potential of the 
chemical species; for a species to be photooxidised the valence band of the 
semiconductor must be more positive than the oxidation potential of the species.

The splitting of water has received much attention because it can be applied to the 

production of electricit)’ from photoelectrochemical cells. However, the most 

important application resulting from the field of semiconductor photocatalysis concerns 

the destruction of organic pollutants, both in air and in water. Equation 1.5.

semiconductor
organic pollutant + O2 ---------------------> CO2 + H2 O + mineral acids Equation 1.5

h v > E bg

It was not until 1983 that the semiconductor catalysed photodegradation of organic 

pollutants was first realised, when Ollis and co-workers’’’’̂  demonstrated that TiO^ 

could act as a photocatalyst for the oxidadve mineralisation of halogenated 

hydrocarbons. Since then over 200 organic compounds” ’̂  have been shown to be 

degraded by the reaction described by Equation 1.5, including alkanes, alcohols, 

alkenes, carboxylic acids, aromatics, phenols, polymers, surfactants, herbicides, 

pesticides, dyes, bacteria and viruses. The majoritv' of this work has involved
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semiconductor particles as photocatalysts, but there is also a great interest in the 

application of photocatalytic thin films, especially on glass, ie. self-cleaning windows.

The mechanism by which Equation 1.5 occurs is not simple. For a titania catalyst, the 

major processes that occur for the photo-oxidation of organic pollutants are shown in 

Figure 1.6. As demonstrated by Figure 1.5, because the valence band of anatase is 

sufficiently positive in energy, the photo-generated holes are capable of oxidising 

surface hydroxy groups to afford OH* radicals. These radicals can then oxidise organic 

pollutants. The role of the photogenerated electrons is uncertain, but because the 

conduction band of anatase is sufficiently negative in energ\% they are capable of 

reducing oxvgen to yield O,*”. It has been suggested that the consequent reduction of 

water by these O 2 *" radicals generates species such as HO^*, HOj”, H^Og and OH* that 

can oxidise the pollutant.’"̂

m in e ra l s

s e m i c o n d u c t o r  pa r t ic le

Ti'i'OH

m in e ra l s

o x id is ed
in te rm e d ia te

o rg an ic
p o l lu ta n t

Ti'i'OH

Ti'V0H+

Ti'̂ OĤ

o r g a n ic  o x id is e d  
po l lu ta n t  in te rm e d ia te

V v
{ H O /, H O y , HjOj, OH } H ,0

c o n d u c t io n  b a n d  

v a l e n c e  b a n d

Figure 1.6 Major processes involved in the photo-oxidation of organic pollutants 
catalysed by a Ti02 particle in aqueous solution. Adapted from reference.

Most of the research concerning the photocatalytic destruction of organic pollutants has 

concentrated on titania, because it is photostable, non-toxic, inexpensive and very 

photoactive. However, titania has a large bandgap, ca. 3.2 eV, and hence requires 

irradiation with UV light of wavelengths less than 400 nm to be activated. This is a 

major disadvantage, since only 3 of solar radiation consists of wavelengths that are 

less than 400 nm.'" Despite this drawback, glass coated with titania is an effective 

photocatalyst for the destruction of thin films of organic material, and TiO, self

cleaning windows are produced commercially by Pilkington Glass.'' Nevertheless, a 

photocatalyst that is activated by a greater percentage of the solar spectrum could offer 

an advantage over titania coatings. Much research has investigated the doping of TiO, 

by a range of materials, including tungsten oxide,'''^ in order to increase the solar
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absorption of the self-cleaning coating. However, little research has been concerned 

with the photocatalytic properties of tungsten oxide itself.

There have been several studies of the photocatalysed oxidation of water by tungsten 

trioxide powders in the presence of the electron acceptors iron(III),^'' ce r ium( IV)or  

silver (I) However, as illustrated by Figure 1.5, although the valence band of WO 3  is 

sufficiently positive for water to be oxidised to O 2 , the conduction band is not 

sufficiently negative for water to be reduced to Hg. This is unlike the example of 

anatase mentioned above.

Research on the photomineralisation of organic pollutants catalysed by tungsten oxide 

has been somewhat contradictory. Choi and co-workers^^ have reported that WO 3  is 

barely photoactive for the degradation of three commercial textile dyes (Reactive Yellow 

17, Reactive Red 2 and Reactive Blue 4) even though TiOz was photoactive under the 

same conditions. Watanabe and Hashimoto found the same to be true for the 

mineralisation of methylene blue dyê ®. On the other hand, it has also been reported by 

Wang et al that sputtered thin films of tungsten oxide on glass are capable of 

photocatalysing the mineralisation of aqueous solutions of the dye Rhodamine 

These two papers appear to be the only literature reports describing the photocatalytic 

property of thin films of W O 3.

Figure 1.5 illustrates some important points when considering the tungsten oxide 

catalysed photodegradation of organic pollutants. As for anatase TiOg, the valence band 

of WO 3  is sufficiently positive in energy for the photogenerated holes to oxidise surface 

hydroxy groups to afford OH* radicals, which oxidise most organic compounds. 

However, unlike anatase the conduction band of WO 3  is not sufficiently high in energy 

to reduce oxygen to yield the 0*~  species that also appear to play an important role in 

the mineralisation of pollutants. This inability to reduce molecular oxygen has been 

suggested by several groups as the reason why they found WO 3 to be barely 

photoactive.""'"'""

In the same way as for titania, some research groups have attempted to increase the 

photoactivity of tungsten oxide, particularly for radiation of longer wavelengths, by 

doping the material. This has been successfully achieved by introducing small amounts
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( 1 —3 %) of platinum^’ or iridium^® into tungsten oxide powders. The iridium doped 

example is worth particular note because it was obtained from a high-throughput 

screening of a library of over 70 doped WO 3  materials. This low cost technique appears 

to be the best method for the identification of new photocatalytic materials. In 

addition, the Ir-WOg powders were photoactive when irradiated with light of 

wavelengths greater than 400 nm. It has also been shown that mixtures of WO 3  /  WSg 

powders, in a ratio of 60 % to 40 %, photocatalyse the degradation of phenol at a faster 

rate than the pure tungsten oxide or sulfide.^  ̂ It is suggested that by coupling two 

different semiconductor phases together electron — hole recombination is discouraged 

by the separation of the charge carriers: the photogenerated electrons migrate to the 

lower-lying conduction band of one semiconductor, whilst the holes migrate to the 

valence band of the other compound.

Wang’s research on tungsten oxide thin film photocatalysts, as described above, 

indicated that the highest rates of photocatalysis were observed for highly crystalline 

films, indeed amorphous coatings were inactive. It appears that defects within the 

material can act as effective sites for the promotion of electron-hole recombination 

reactions, meaning that highly disordered materials have a greatly reduced activity. 

Thus, whereas for electrochromic applications amorphous tungsten oxide is more 

desirable, photocatalytic applications require a highly crystalline thin fTm. However, 

both applications prefer porous coatings: for electrochromic devices this allows faster 

ion diffusion; for photocatalysis this gives a larger catalyst surface-area. It is important 

to note, however, that highly porous films usually exhibit reduced optical quality.

1.2.2.2 Photo-induced hydrophilic thin films

There are two processes by which self-cleaning coatings are known to act,̂  ̂ one being 

the photocatalysis of organic pollutants, as described above. The second of these 

processes is photo-induced hydrophilicity. The hydrophihcity of a film is quantified by 

the water contact angle, whereby large contact angles represent beads of water on the 

surface and a contact angle of 0  ° represents complete flattening of the water droplet on 

the coating. For self-cleaning coatings, a low contact angle ensures that rainwater forms 

sheets across the surface of the window, resulting in effective dirt removal.
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It has been shown that the contact angle of titania is reduced from ca. 70 ° before UV 

irradiation to 0 ° after.^^’̂"̂ Tungsten oxide films have also been shown to posses the 

same property, with contact angles falling to ca. 5 ° after exposure to UV radiation/^ 

Interestingly, the same WO 3  thin films were observed to be barely photoactive for the 

degradation of methylene blue.

Watanabe, Hashimoto and co-workers have suggested that the mechanism by which 

photo-induced hydrophilicity occurs for titania arises from structural changes of the 

oxide material.^^’̂"̂ Subjecting titania to UV irradiation causes oxygen defects in the 

material, and hence some Ti"̂  ̂ sites are reduced to Ti^ .̂ Watanabe and Hashimoto 

suggest that these reduced sites are favourable for the absorption of dissociated water,^^ 

and influence surrounding sites to produce hydrophilic domains. Tungsten oxide also 

readily forms oxygen defects {ie. WO 3  J , and is thought to be hydrophihc by the same 

mechanism.

f.3 Methods o f preparing WO3 thin films other than CVD

Tungsten trioxide thin films have been prepared by a range of techniques that greatly 

influence the properties of the product. This section briefly describes the preparation of 

WO 3  films by techniques other than CVD, first detailing physical and then chemical 

techniques.

Physical vapour deposition (PVD) has been widely used to prepare WO 3 thin films, with 

tungsten oxide being transported to the substrate either by evaporation or sputtering. 

Evaporation simply involves vaporisation of the desired material from a source, 

followed by condensation on the substrate. Tungsten oxide has been deposited by 

evaporation from a heated molybdenum boat and evaporation by an electron beam.^ It 

has been shown that the vapour species are molecular in nature, with mass spectrometry 

indicating that the major species are WO^, W O 3, W^Og and W 30g.^^ The porosity of the 

film can be increased by the introduction of a small amount of a gas mto the vacuum. 

For example, evaporation in the presence of water (5 X 10 '̂  Torr) yields a film with a 

relative density of 0 .6 , whereas deposition in a good vacuum yields a film with a relative 

density of 0 .8 .̂ ^
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Whereas in evaporation atoms are removed from a source thermally, in sputtering they 

are dislodged from a soHd target by the impact of gaseous ions. DC (direct current) 

and RF (radio frequency)sputtering have been used from conducting (metallic) and 

non-conducting (oxide) targets respectively. The presence of oxygen gas leads to the 

deposition of WO 3  thin films.

In contrast to the aforementioned PVD techniques, electrodeposition and sol-gel 

reactions have been used for the chemical deposition of tungsten oxide thin films from 

solution. For electrodeposition of mngsten powder is dissolved in an

aqueous solution of hydrogen peroxide, leading to the formation of the peroxymngstate 

[W2 O 1 J " , Equation 1.6."'

2 W + 10 H2 O2  ^  [W2 0 ii]2 - + 2 + 9 H2 O Equation 1.6

The electrodeposition reaction follows Equation 1.7,"' whereby [WjO, j ' '  is reduced to 

WO 3 .

[W2 0 ii]2 - + (2+x) H" + X e" ^  2 W O 3  + (2+ x)/2 H 2 O  + (8- x)/2 O 2  Equation 1.7

where x = 0-8

Thin films can be prepared by sol-gel reactions by preparing a colloidal solution that is 

deposited onto the substrate by either dip-, spin- or spray-coating. Subsequently, a 

heating step yields the solid film. Different routes have been used for the preparation of 

the precursor solution, including the acidification of aqueous [NagW0 .̂2 H 2 0 ] and 

the hydrolysis of [WCy,"' [WOClj"" and [W2 (0 ^u),]."'

Although mngsten oxide thin films have been prepared by a range of physical and 

chemical techniques, chemical vapour deposition offers advantages over all of these 

methods, as will be demonstrated below.
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1.4 Chemical Vapour Deposition (CVD)

Chemical vapour deposition ((iVD) is a process whereby one or more volatile molecular 

precursors are transported in the gaseous phase to a reaction chamber where they react 

or decompose on a heated substrate to lay down a solid film that results in the 

elimination of volatile b y - p r o d u c t s .T h i s  reactive step distinguishes C\T) from 

physical vapour deposition processes such as evaporation or sputtering. If all of the 

elements within the film come from one molecule then the precursor is acting as a 

single-source, otherwise the molecular reagents are acting as dual- or multi-source 

precursors. Applications for thin films produced by CVD have been found in many 

diverse areas, including microelectronics, optoelectronics, protective and decorative 

coatings, optical coatings and catalysis.

( 1) (7)

Figure 1.7 A schematic representation of the reaction steps involved in a CVD 
reaction. Here the precursor acts as a single-source. (1) Transport of the 
precursor to the reactor, (2) adsorption of the precursor onto the substrate, (3) 
surface reaction of the precursor, (4) surface diffusion of products, (5) nucléation 
and growth of the film, (6) desorption of by-products and (7) transport of by
products away from the substrate.

C\ D reactions can be summarised by seven major steps, as illustrated in Figure 1.7. It 

thus follows that there are two essential requirements of a CVD precursor: first, there
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must be a means by which the molecule can be vaporised and transported in the gas 

phase to the CVD reactor; secondly, the precursor must undergo the correct surface 

chemistry in order to deposit the desired material with low contamination. Further 

unessential requirements are advantageous, including that the precursor must be readily 

manufactured in high yield at low cost, it must be easy to handle and store with few 

hazards and, if part of a dual-source reaction system, it must be compatible with other 

precursors.

Conventionally, CVD precursors are vaporised by heating to a temperature at which 

they exhibit a significant vapour pressure, so generally highly volatile liquid precursors 

are preferable. Often, being able to deposit a film at a lower temperature is desirable; 

allowing temperature sensitive substrates, such as plastics, to be coated and also 

reducing heating costs. However, depositing at higher temperatures may enhance the 

properties of a coating.

If possible, chemical vapour deposition is performed at atmospheric pressure (APCVD), 

allowing faster deposition rates and avoiding the installation and maintenance of 

vacuum systems. Low pressure chemical vapour deposition (LPCVD), operating at 

pressures less than 10'  ̂ Torr, is often employed when the precursors lack sufficient 

volatility to be used at atmospheric pressure, or for safety when using hazardous or 

toxic precursors. For large scale applications such as those targeted by glazing 

industries, operating at atmospheric pressure is an obvious advantage

There are several advantages in using CVD to deposit thin films compared with other 

deposition t echniques .Perhaps  more relevant to electronic applications, CVD gives 

non-Hne-of-sight deposition, allowing conformai coverage of stepped substrates. For all 

applications, CVD (especially APCVD) does not require the use of a high vacuum, 

resulting in simplified apparatus and faster deposition rates that are economically 

favourable. O f particular relevance to glazing industries and to this project, CVD is also 

highly compatible with large-area depositions. For example, CVD reactions can take 

place in situ on float glass lines.
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1.5 CVD o f tungsten oxide thin films

There are many literature reports describing the chemical vapour deposition of tungsten 

oxide thin films from tungsten hexacarbonyl, [W(CO)J. On its own, [W(CO) acts as 

a precursor for the CVD of tungsten metal f i l m s . H o w e v e r ,  reacting tungsten 

hexacarbonyl and oxygen in a low pressure CVD reaction^’’ yields “black tungsten”, 

P0 ^igO4 9 ], which can be oxidised to WO 3 upon annealing in oxygen at 500 — 600 °C, 

Equation 1.8. Tungsten hexacarbonyl was vaporised at a temperature of 80 °C and a 

pressure of 0.1 Torr. PolycrystalHne films of tungsten oxide were deposited on silicon 

wafers at temperatures upwards of 450 °C. X-ray diffraction indicated that the films 

were monochnic-WO3 , with the ( 0  1  0 ) plane preferentially oriented perpendicular to the 

substrate. Control of the film structure, texture, density and optical transmittance could 

be achieved by varying the deposition conditions. Both the electrochromic^’’® and the 

gas sensing^^’̂ '’ properties of the coatings were investigated.

O 2 ,  - C O  O 2

[ W ( C 0 ) 6]  >  V 1 8  [ W 1 8 O 4 9 ]   >  W O 3  Equation 1.8
C V D  500 -  600 ° C

Alternatively, [W(CO)^] and oxygen can be used as dual-source CVD precursors at 

atmospheric pressure with no need for the annealing step.^^’̂*" Using this APCVD 

system, [W(CO)J was sublimed at 110 °C, and tungsten oxide films were deposited on 

silicon wafers, glass and fluorine doped tin oxide at a rninimum temperature of 200 °C. 

The structure and properties of the fTm proved to be highly dependent upon the 

deposition conditions. For example, if high O 2  flow rates were used, the reaction 

afforded stoichiometric WO 3 , with only peaks due to ions present in the X-ray 

photoelectron spectra. However, if low Og flow rates were employed, blue partially- 

reduced WO3 .,, (x = 0 . 0 2  — 0 .1 ) films were produced, and and states could be 

identified by XPS. Deposition at a substrate temperature of 200 °C yielded amorphous 

films of tungsten oxide, whereas deposition at 400 °C gave a crystalline phase that was 

identified by XRD as orthorhombic-W 0 3 .

As discussed above, at higher deposition temperatures and oxygen flow rates, crystalline 

W O 3  films have been prepared by the CVD reaction of [ W ( C O ) j  and O2. However, 

amorphous-W O 3 films are more desirable for electrochromic applications, as discussed 

in Section 1.2.1. Thus, whereas tungsten hexacarbonyl has led to the deposition of
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crystalline tungsten oxide at 400 °C, derivatives of [W(CO)J have been used to deposit P- 

doped amorphous^O-x, at the same temperature,^^ with the dopant inhibiting 

crystallisation. The amount of phosphorus present in the thin film could be tuned by 

the choice of precursor, Table 1.1, Interestingly, very similar molecular precursors 

afforded coatings with very different phosphorus : tungsten ratios. This was attributed 

to a greater interaction between the metal oxide and the phosphite (P(OR)3) ligand than 

the phosphide (PRg) or phosphine (PR3) ligands.

Table 1.1 Effect of precursor on the ratio of P:W in tungsten oxide films 
deposited from CVD reactions of tungsten hexacarbonyl derivatives.^’

M o lecu la r  P r e c u r so r P:W  ratio in film

[W (C O )4(P(O E t)3)2] 1 : 1

[W 2(p -P R 2)2(C O )8] (R  = M e, Et) 1:4

[W (CO )4(PEt3)2] 1 :1 0  o n  K G Ia ss (F -S n 0 2  c o a te d  g la s s )

1 :3 0  o n  Si

Isonitrile derivatives of tungsten hexacarbonyl have also been used for the deposition of 

tungsten oxide thin f i l m s . T h e  Liquid precursors tungsten pentacarbonyl 1- 

methylbutyhsonitrüe, [(TrCH(CH 3)NC)W(CO)5 ], and tungsten pentacarbonyl 

%-pentylisonitrile, [(Tentyl-NC)W(CO)3], were flash-evaporated and reacted with oxygen 

in dual-source CVD reactions to yield blue or brown tungsten oxide. Films of lower 

density (and therefore greater porosity) were deposited at high precursor flow rates. As 

expected, the coatings that had the greatest porosity gave the fastest electrochromic 

switching.

Studying an alternative set of precursors, tungsten oxide can be deposited by the 

plasma-enhanced chemical vapour deposition (PECVD) reaction of tungsten 

hexafluoride, oxygen and hydrogen,^^ Equation 1.9. PECVD involves the application 

of an electric field across a volume of gas in order to obtain a radio frequency (RF) glow 

discharge. The glow discharge contains high energy electrons that ionise gaseous 

molecules, generating a plasma of highly reactive radicals and ions. Consequendy, the 

plasma results in enhanced surface reaction rates and the possibility of gready reduced 

deposition temperatures.'^®
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PECVD
WFe + % O2  + 3 H2  ----------- > WO3  + 6  HF Equation 1.9

13.56 MHz

The addition of hydrogen is not essential to yield W O 3 , but it reacts with fluorine gas in 

the reactor that would otherwise destroy the coating. Although WF^ is extremely 

reactive, it offers facile precursor delivery because it is a gas at room temperature. 

However, the production of hydrogen fluoride from the reaction would be highly 

undesirable if the process were to be used on an industrial scale. Like the CVD 

reactions of tungsten hexacarbonyl, varying the oxygen flow rate affected the film 

stoichiometry: low O 2  flow rates afforded partially-reduced whereas high Og flow

rates afforded the fully-oxidised WO 3  phase.

Another organometallic precursor that has been used in LPCVD reactions to deposit 

tungsten oxide thin films is mngsten tetra(allyl), [W(T| -̂C3 H 5)J.^° At a pressure of 

4.5 Torr, the precursor was evaporated at 135 °C. Thin films were deposited by the 

CVD reaction of the organometallic complex and oxygen on indium tin oxide coated 

glass or silicon wafers. All of the films were annealed at a temperamre of 450 °C and a 

pressure of 1.5 Torr in a 50 % mixmre of Ar/Og to remove carbon from the film {ca. 

8 % before annealing). X-ray diffraction showed that the films were amorphous when 

deposited at substrate temperamres of less than 350 °C; crystalline films were deposited 

above this temperamre. The amorphous-W 0 3  coatings were deemed of too poor 

quality for electrochromic analysis. However, fast electrochromic switching was 

possible for the crystalline WO 3 thin films.

All of the routes to mngsten oxide thin films that have been discussed so far have used 

dual-source precursors. However, single-source precursors for the CVD of WO 3 have 

been reported. First, mngsten pentaethoxide, [W(OEt)5], and mngsten hexaethoxide, 

[W(OEt)J, have been used in APCVD r e a c t i o n s . D u r i n g  film deposition, the 

pentaethoxide was vaporised at 120 °C, and the hexaethoxide at 130 °C. Coatings were 

deposited on soda-Hme glass, quartz. Corning 7059 glass and silicon substrates at 

temperamres from 100 to 350 °C. Using either the mngsten(V) or mngsten(VI) 

ethoxide precursor had no physical or chemical affect on the resultant films. X-ray 

diffraction indicated that aU of the coatings were amorphous. XPS and Rutherford
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back-scattering spectroscopy (RBS) showed the carbon contamination to be between 2 

and 5 at. %.

Tungsten (VI) oxo alkoxide complexes, [WO(OR)J, are intermediate between 

homoleptic tungsten(VI) alkoxides, [W(OR)g], and tungsten(VI) oxide, WO 3 , These 

compounds (where R =Me, Et, Tr, CHg^u) and the similar 0 x0  alkoxide/|3-diketonates, 

pVO(OR)3 L], (L= acac, hfac) have been used as single-source precursors for the 

deposition of WO 3 thin films by Chisholm et al!'̂  Low pressure chemical vapour 

deposition was performed on quartz, pyrex and indium-tin-oxide coated pyrex 

substrates. The precursor [WO(OTu)^] yielded films at the lowest substrate temperature 

(120 °C), but the films showed poor adhesion. Films deposited from other tungsten(VI) 

0 x0  alkoxides required higher reactor temperatures (260 — 390 °C), but the films 

adhered well to the substrate. Films were amorphous, only after annealing at 400 °C 

could WO 3  films be identified by XRD.

Tungsten 0 x0  tetra(/f;Y-butoxide), [WO(OTu)^], has also been employed in dual-source 

CVD reactions with water to yield tungsten oxide films in a combiued CVD sol-gel 

p r o c e s s . T h e  tungsten 0 x0  complex was evaporated at 80 °C, and thin films were 

deposited at very low temperatures (100 — 200 °C). The as-deposited coatings were 

defined as tungstic species of general formula WO„(OH)^. However, annealing at 

400°C in air gave films that analysed as WO 3 . This behaviour is symptomatic of the sol- 

gel nature of the deposition reaction. Interestingly, all of the materials remained 

amorphous, even after the annealing step. Although amorphous-W 0 3  is more desirable 

for electrochromic applications, the films had such a low density that poor coloration 

was observed.

1.6 A detailed look at single-source precursors

Dual- and single-source precursors only differ in the way that they react on the 

substrate. Dual-source precursors react together on the substrate to yield the coating; 

with each precursor being responsible for the introduction of an element or elements to 

the fikn. However, a single-source precursor is a molecule that contains all of the 

elements required in a material, possibly in the correct stoichiometry, and almost
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certainly directly bonded. In CVD reactions, a successful single-source precursor will 

decompose on a heated substrate with removal of organic supporting groups to yield 

the desired product. Ideally, the precursor should be constructed in such a way that the 

core of the molecule resembles the desired material not just in stoichiometry but also in 

s t r uc t u r e . Th i s  design of the molecular structure is best achieved when the bonds 

between the elements of the core are stronger than those between the core and the 

organic supporting groups.

The single-source approach has several advantages over dual-source CVD reactions. 

For example, film stoichiometry can potentially be strictly determined by the ratio of 

elements in the precursor, rather than by vapour pressures, mass transport rates and gas 

phase and surface reactions. With only one precursor, single-source precursors can 

make use of simpler apparatus, and the potential for pre-reactions in the gas-phase is 

reduced. Fewer hazards are often presented upon the use of single-source precursors, 

especially when an alternative dual-source reaction may require the use of highly toxic or 

oxygen or moisture sensitive gases such as metal halides, H^S, H 2Se, N H 3 , P H 3, ASH3, 

SiH^ etc.̂ '̂  In addition, single-source precursors may allow deposition at a lower 

temperature and may give films with improved properties.

Any disadvantages of single-source precursors are usually associated with their lack of 

volatility or thermal stability, especially when compared to dual-source alternatives. 

Often low pressures are employed to overcome these problems, but atmospheric 

pressure liquid dehvery techniques, such as Hquid-injection or aerosol assisted*"̂  CVD are 

viable alternatives.

What essential design constraints should be placed upon a potential single-source 

precursor for the deposition of tungsten oxide? First, there must be a means by which 

the precursor can be vaporised and transported to the substrate. Conventionally CVD 

precursors are vaporised by heating, so the precursor molecule should be volatile. 

Volatile complexes usually have a low molecular mass and weak intermolecular forces. A 

mononuclear complex containing small ligands would achieve the lowest molecular 

mass, but intermolecular forces are reduced by larger ligands that shield the metal 

centre. Thus, the choice of ligands is a balancing act.
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Secondly, the precursor must decompose to yield the desired material. In order to 

deposit WO 3 , at least 3 W-O bonds are required that will not be cleaved upon 

decomposition. To avoid contamination of the CVD coating, it seems sensible to limit 

the investigation to complexes containing solely oxygen-donor ligands. In addition, 

because the oxide contains tungsten in its + 6  oxidation state, the precursor should 

contain tungsten in its + 6  oxidation state. O-donor Hgands known to support 

tungsten(VI) include 0 x0 , alkoxide, aryloxide, carboxylate and (3-diketonate ligands.

As described in Section 1.5, there have been two reports in the literature detailing the 

CVD of tungsten oxide thin films from single-source precursors. The first is Riaz’s 

account of CVD reactions of [W(OEt)J and [W(OEt)g];''  ̂ the second by Chisholm et al 

discusses the complexes [WO(OR)J and [WO(OR)3 L] (R = Me, Et, Tr, 'Bu, CHgTu; 

L = acac, hfac) as p r e c u r s o r s . B o t h  of these investigations have involved CVD 

reactions of tungsten alkoxide complexes. Bradley has shown that metal alkoxides offer 

many advantages as precursors for electronic and ceramic materialsespecially because 

they can be easily purified by distillation or sublimation, are non-corrosive and can be 

stored indefinitely in the absence of water vapour. In addition, the metal is strongly 

bonded to the oxygen of the alkoxide ligand, and upon decomposition organic groups 

are easily removed, with the subsequent formation of volatile, non-reactive, organic by

products.

Whereas many dual-source CVD reactions have been used for the deposition of WO 3  

thin films, the only single-source approaches have been the two described above. Since 

the properties of a material are usually dependent upon the deposition technique, the 

aim of this project was to investigate a greater range of single-source precursors for the 

chemical vapour deposition of tungsten oxide. Therefore, two areas of investigation 

were identified. First, a range of tungsten(VI) coordination complexes with O-donor 

ligands (obeying the criteria identified above) needed to be prepared and examined as 

candidates for single-source-precursors; this research is described in Chapters 2 and 3. 

Secondly, these precursors needed to be used in APCVD in an attempt to prepare 

tungsten trioxide films; these investigations are described in Chapter 4.
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precursors for the CVD of tungsten oxide

2.1 Introduction

This chapter details the synthesis and characterisation of a range of different tungsten 

coordination complexes. These complexes were prepared for application as single

source precursors for the chemical vapour deposition of mngsten oxide thin films after 

consideration of the criteria discussed in Chapter 1. Section 2.2 describes the synthesis 

of mngsten hexaphenoxide, a well known compound that is an excellent candidate for 

use in CVD. Section 2.3 contains details of three novel mngsten(VI) oxo salicylate 

complexes, prepared by the alcoholysis of mngsten oxytetrachloride. Two novel 

mngsten(VI) dioxo complexes, prepared by Hgand exchange reactions, are discussed in 

Section 2.4. Conclusions are presented in Section 2.5 and experimental details are given 

in Section 2.6.

2.2 Tungsten hexaphenoxide

Transition metal alkoxide and aryloxide complexes have been the subject of much 

recent research activity arising from their applications in industry, the most important of 

which are the CVD of metal oxide films, sol-gel synthesis of bulk oxide ceramics and 

homogeneous catalysis.

Although the field of metal alkoxide and aryloxide complexes is an ever-expanding one, 

homoleptic aryloxides of mngsten(VI), [W(OAr)g], were first reported as early as 1937 

by Funk and B a u m a n n . T w o  synthetic routes based upon the alcoholysis of a metal 

haUde have been developed for the preparation of mngsten hexaphenoxide, [W(OPh)J. 

The first route makes use of mngsten hexachloride as the starting material. Equation

2.1,'̂ ’̂™ and the second uses mngsten oxytetrachloride. Equation 2.2.̂ ^

W C I e  + 6  P h O H  ^  [ W ( 0 P h ) 6 ] + 6  H C I  Equation 2 . 1

W O C U  + 6  P h O H  ^  [ W ( 0 P h ) 6 ] + 4 H C I  + H 2 O  Equation 2 . 2
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Since tungsten hexachloride is the less expensive reagent, and both experimental 

procedures are equally facile, the first route was employed to synthesise [W(OPh)J 

throughout this research. Adding phenol to a toluene solution of WClg results in the 

solution changing colour from black to dark red. Although phenol is sufficiently acidic 

to eliminate HCI from the reaction, the homoleptic phenoxide is not yet formed; the 

mixture must be heated at reflux for several hours for the reaction to be driven to 

completion. The solvent is then removed in vacuo, and the crude product heated at 80 — 

90 °C, also in vacuo, to remove any remaining phenol. Tungsten chloride-phenoxide 

species that have not undergone complete reaction are removed by washing with a 1 0  % 

aqueous solution of sodium hydroxide. This relatively pure product can be further 

purified by recrystaUisation from a methanol or acetonitrile solution to give dark red 

needles of [W(OPh)g] in ca. 70 % yield.

The relative simplicity of this synthetic route means that homoleptic mngsten aryloxide 

complexes are much easier to prepare than homoleptic mngsten alkoxide complexes. 

Siuce the reaction of WCl^ with alkyl alcohols results in a reduction to W(V), 

mngsten(VI) alkoxides must be prepared from mngsten hexakis(dimethylamide), 

[W(NMe2) Equation 2.3. This route is additionally complicated because the most 

efficient synthesis of [W(NMe2)g] is reported to be from WBr^ and [LiNMe2 ],̂  ̂ with a 

yield of only 16 %.

W ( N M e 2)6  +  6 R 0 H  ->  W ( 0 R ) 6  + 6 H N M e 2 Equation 2.3

Alternatively, [W(OPh)J can be prepared by the trans-estérification reaction between 

mngsten tris (ethylene glycolate), [W(O)CH^CHg(O))3], and phenylacetetate. Scheme

2.1.^ Since mngsten tris (ethylene glycolate) is air stable and is readily prepared from 

mngstic acid and ethylene glycol, this route has the advantage of involving no anaerobic 

chemistry.
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O

c : > c■0 ^  I
O.

W(eg)3

+ 6 PhOAc

- 3 Ac(eg)Ac

OPh
PhO/„,.j/.,,x\OPh

P h O ^  I ^ O P h  
OPh

W (0 P h )6

Scheme 2.1 Preparation of [W(OPh)J from the reaction of phenylacetate and 
tungsten tris (ethylene glycolate).

Tungsten hexaphenoxide has been cn stallographically characterised, and is shown to 

be monomeric in the solid state, with the mngsten centre surrounded by six oxygen 

atoms in an octahedral array. Figure 2.1. The octahedron is almost regular, with the 

O-W-O bond angles only varting between 87.5(2) and 92.6(2)°, and the W-O bond 

lengths only varying between 1.883(4) and 1.917(4) A. The W-O-C angles range from 

136.8(8) to 151.0(5)°.

0(3)1C(31 C(1)

0 (6)

W (U 0(19)

0 (5 )
0 (2)

'0 (4 )0 (7 )

0(25)

Figure 2.1 Crystal structure of [W(OPh)J. 75

It is common for metal alkoxide and ar\4oxide complexes to readily undergo hydrolysis. 

This reacdvitt' arises from the polarised namre of the metal oxygen bond 

(M̂ *— — C) and the presence of vacant orbitals that can accommodate electrons. 

Consequently, the metal centre is highly susceptible to nucleophilic attack. Most metal 

alkoxides and arvloxides are hydrolysed by atmospheric moisture, but this is not the case 

for tungsten hexaphenoxide, which is air stable, and does not undergo hydrolysis or 

ligand exchange under neutral or alkahne conditions. Indeed, during the synthesis of
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[W(OPh)J the product is washed with aqueous NaOH and recrystallised from 

methanol. However, [W(OPh)J can be hydrolysed under acid conditions.^^ It appears 

that tungsten hexaphenoxide owes its stability to a lack of vacant co-ordination sites and 

to the steric hindrance of approaching nucleophiles. Obviously, this stability is 

extremely beneficial when utilising a precursor in CVD.

2.3 Tungsten(VI) oxo salicylate complexes

2.3.1 Introduction

To investigate other potential precursors for the chemical vapour deposition of tungsten 

oxide thin films, new tungsten complexes were synthesised. Oxo groups are known to 

stabilise transition metals in high oxidation states, and so tungsten(VI) oxo complexes 

are potential candidates. Perhaps an oxo ligand could replace two phenoxide ligands in 

[W(OPh)g] to give the complex [WO(OPh)^]. This would be a difficult synthetic 

strategy to follow because WOCI4 , the most suitable starting material for mngsten(VI) 

monooxo compounds, reacts with phenol to form mngsten hexaphenoxide (see Section 

2.2). However, the mngsten 0 x0  fragment could be stabilised by other aryloxide ligands. 

One potential Hgand is the saHcylate dianion, derived from saHcyHc acid. Figure 2.2(a). 

Deprotonating saHcyHc acid twice allows it to act as a bidentate Hgand, coordinating to 

the metal through aryloxide and carboxylate oxygen atoms to form a six-membered 

chelate ring. Hence, reacting WOCI4  with two equivalents of saHcyHc acid may yield a 

complex of the form [WO(saH)2] (saHH2  = saHcyHc acid).

(a) (b)
O ^ O H

(c)
O ^ O H

Figure 2 . 2  (a) salicylic acid (saliHj); (b) 3-methyl salicylic acid (^®saliH2 );

(c) 3;5-di-fso-propyl salicylic acid ( '̂'^^ ŝaliHg).
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The reaction between W O C I4  and salicylic acid was first reported by Funk/^ who 

performed melt reactions at the melting point of salicylic acid {ca. 160 °C) and proposed 

the formation of several compounds on the basis of elemental analysis. More recently, 

saHcylate and substituted saHcylate complexes of tungsten(VI) have been investigated by 

Heppert et al., who have studied the hydrogen bonding within tungsten(VI) saHcylate 

free acids that leads to supramolecular assembHes.^^’̂*’̂^

2.3.2 Results and Discussion

InitiaUy, the reaction of tungsten oxytetrachloride and 3-methylsaHcyHc acid ('̂ ®saliH2), 

Figure 2.2(b), was performed in refluxing toluene, foUowing the method used for the 

preparation of tungsten hexaphenoxide. The reaction yielded a red crystalline soHd, 1. 

NMR spectroscopy revealed two Hgand environments for complex 1, with two methyl 

signals at 1.53 and 2.61 ppm and six aryl CH signals at 6.85, 7.04 ppm (two triplets), 

7.23, 7.61, 7.76 and 7.86 ppm (four doublets). Hence, the expected product, 

[WO('^''sah)2 ], had not been formed, since this would exhibit only one distinct Hgand 

environment.

Ruby red crystals of 1 were obtained from a samrated dichloromethane solution at room 

temperature, and the crystal strucmre determined. Figure 2.3. The product is a novel 

oxo-bridged dimngsten complex [ (WO(^^saH) (' '̂'saHH) } 2 (|^-0 )] - Each tungsten centre is 

coordinated to a terminal 0 x0  Hgand and two saHcylate Hgands, one that is singly- 

deprotonated and one that is doubly-deprotonated.
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C(21) C(30)
0 (1)

C(24)C(15) 0(2)0(14)C(16) C(25)0(23)
C(14) C(23)0(3)W(1)

W(2)
C(22)C(17) 0(5) 0(32)

0(26)0(19) 0 (11)0(13) f0(27)
0(39)

0(38)0(18)
0(19) 0(28)0(5)0 (12) 0 (10) 0(37)0(20) 0(33)0(6)

0(29)0(31)
0(37)

0(4)
0 (10)0(7) 0(34)

0(36)
0(35)0(9)

0 (8)

Figure 2.3 Solid state structure of [{W0 ('̂ ‘‘sali)(' ’̂‘'saliH)}2(lX-0 )], 1, as 
determined by single crystal X-ray diffraction.

Similarly, the reaction between W()(il_, and 3,5-di-/.ra-propylsalicylic acid 'salil l?). 

Figure 2.2(c), was performed in refluxing toluene, also yielding a red solid, 2. NMR 

spectroscopy again indicated that the product contained two distinct ligand 

environments: four /.ra-propyl groups (eight doublets corresponding to eight CH^ 

moieties at 0.42, 0.95, 1.20, 1.21, 1.22, 1.23, 1.39 and 1.42 ppm; four septets 

corresponding to four CH moieties at 2.69, 2.85, 2.95 and 3.71 ppm) and four aryl-CH 

groups (four doublets at 7.18, 7.50, 7.62 and 7.74 ppm) could be identified.

Red cn'stals of 2 precipitated from a saturated hexane solution, enabling determination 

of the solid state structure; the unit cell contained three independent molecules of the 

product, one of which is shown in Figure 2.4. Therefore, the reaction had yielded the 

novel oxo-bridged ditungsten complex [{WO( '̂'^‘̂ ’̂ sah)(̂ '̂ '̂  bsaliH)}2 (|Ll-0 )], which is 

analogous to 1 .
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Figure 2.4 Solid state structure of [{WO(*̂ '̂ ' ŝali)(‘*''''* '^saliH)}2(lLl-0 )], 2, as
determined by single crystal X-ray diffraction.

Selected bond lengths and angles for the two ditungsten complexes are given in Table

2.1. Since the only differences between 1 and 2 occur in the substitution of the arene 

ring of the salicylate ligands, the solid state structures are vet}' similar. Each tungsten 

centre is surrounded by six oxygen atoms: one terminal oxo, one bridging oxo, two 

oxygens from a salicylate monoanion and two oxygens from a salicylate dianion. Each 

salicylate monoanion is bound to the metal I’ia one aryloxide oxygen and one carbonyl 

oxygen of an acid group that remains protonated; each dianion is bound nia one 

aryloxide oxygen and one carboxylate oxygen of a deprotonated acid group. The weakly 

bound carbonyl oxygen of the salicylate monoanion is trans to the strongly bound 

terminal oxo Ligand.

The geometry around the metal is pseudo-octahedral, with the strong trans influence of 

the terminal oxo group causing a distortion of the oxo-metal-cis ligand angles to much 

greater than 90° (96.1(3) - 101.4(3) °). This is always the case for mono-oxo complexes 

of transition metals, where the large majorit}’ of complexes have oxo-metal-cis ligand 

angles between 95 and 104 Correspondingly, the carbonyl-metal-cis ligand angles 

are much less than 90 ° (79.6(2) - 83.1(2) °). The W-O-C angles range from 128.2(6) to
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137.2(5) This is much smaller than in [W(OPh)g], arising from the constraints of the 

six-membered chelate ring.

The W-oxo(terminal) bond lengths are very short and he in the range 1.678(6) - 

1.700(6) A; this is in the middle of the very narrow previously observed range of 

tungsten oxo bond lengths in mono-oxo complexes, 1.63 - 1.77 A.^ As expected, the 

W-oxo(bridging) bonds are longer, ranging from 1.881(6) to 1.913(6) A. This 

lengthening is observed because the oxo hgand is now sharing its TC-electrons between 

two metals instead of one. The tungsten-aryloxide bond lengths range from 1.885(5) to 

1.946(5) A, with the bonds to the aryloxides trans to the bridging oxo being longer than 

those trans to a carboxylate; this is because the bridging oxo hgand is a stronger 71-donor 

than the carboxylate group and thus exhibits a more significant trans influence. 

Interestingly, the bonds from the metal to the aryloxide are almost identical in length to 

those observed in tungsten hexaphenoxide. The mngsten - carboxylate bond lengths, 

1.953(6) - 1.965(6) A, are shghtly longer than the mngsten - aryloxide bond lengths.

The acid group that retains its proton can be identified by the longest W-O bond 

lengths, 2 .2 2 0 (6 ) to 2.256(6) A, arising from the joint effects of the strong trans 

influence of the terminal oxo hgand and the weak interaction between the metal and the 

neutral carbonyl group. The C-O bond lengths indicate that the sahcylate monoanion 

coordinates not through the acid (C-O-H) oxygen, but through the carbonyl (C=0) 

oxygen. For example, in complex 1 C(19) - 0(19) = 1.240(10) A, which is a carbon 

oxygen double bond, and C(19)-O(20) = 1.288(12) A, which is a carbon oxygen single 

bond. The longer mngsten to acid bond lengths for 2 seem to arise from a steric 

interaction between the 3-tio-propyl substiment on the sahcylate dianion and the 5-iso- 

propyl substiment on the sahcylate monoanion.
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Table 2.1 Selected bond lengths (Â) and angles (°) for the complexes 
[{W 0(“'sali)(“'saliH)}2(|X-0)], 1, and [{W 0(‘“'̂ '’'sali)('“""’'saliH)}2(H-0)], 2.

1 2
W-oxo(terminal) W(1)-0(1) 1.683(6) W(1)-0(1) 1.695(6)

W(T)-0(T) 1.690(6)
W(1")-0(1") 1.699(6)

W(2)-0(2) 1.700(6) W(2)-0(2) 1.688(6)
W(2')-0(2') 1.695(5)
W(2")-0(2") 1.678(6)

W-oxo(bridging) W(1)-0(3) 1.913(6) W(1)-0(3) 1.890(5)
W(1')-0(3') 1.899(5)
W(1")-0(3") 1.903(6)

W(2)-0(3) 1.881(6) W(2)-0(3) 1.897(5)
W(2')-0(3') 1.900(5)
W(2")-0(3") 1.896(6)

W-O(aryloxide) W(1)-0(14) 1.890(6) W(1)-0(19) 1.893(5)
W(1')-0(19') 1.902(6)
W(1")-0(19") 1.892(5)

W(2)-0(23) 1.890(6) W(2)-0(33) 1.903(5)
W(2')-0(33') 1.885(5)
W(2")-0(33") 1.898(6)

W-O(aryloxide) W(1)-0(5) 1.931(6) W(1)-0(5) 1.926(5)
W(1’)-0(5') 1.938(6)
W(1")-0(5") 1.946(5)

W(2)-0(32) 1.922(6) W(2)-0(47) 1.922(6)
W(2')-0(47') 1.927(5)
W(2")-0(47") 1.930(6)

W-O(carboxylate) W(1)-0(11) 1.953(6) W(1)-0(11) 1.965(6)
W(T)-0(1T) 1.961(5)
W(1")-0(11") 1.978(5)

W(2)-0(38) 1.961(6) W(2)-0(53) 1.964(5)
W(2')-0(53') 1.954(5)
W(2")-0(53") 1.960(6)

W-O(acid) W(1)-0(19) 2.234(6) W(1)-0(24) 2.241(5)
W(1')-0(24') 2.256(6)
W(1")-0(24") 2.220(6)

W(2)-0(28) 2.222(6) W(2)-0(38) 2.247(6)
W(2')-0(38') 2.226(5)
W(2")-0(38") 2.230(6)

C=0(carbonyl) C(19)-0(19) 1.240(10) C(24)-0(24) 1.238(10)
C(24')-0(24') 1.227(10)
C(24")-0(24") 1.242(10)

C(28)-0(28) 1.256(10) C(38)-0(38) 1.232(10)
C(38')-0(38') 1.244(10)
C(38")-0(38") 1.238(10)

C-O(acid) C(19)-O(20) 1.288(12) C(24)-0(25) 1.303(10)
C(24")-0(25") 1.295(11)
C(24')-0(25') 1.303(10)
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C(28)-0(29) 1.302(10) C(38)-0(39) 1.304(11)
C(38')-0(39') 1.311(10)
C(38")-0(39") 1.306(11)

W-oxo-W W(2)-0(3)-W(1) 159.0(3) W(1)-0(3)-W(2) 162.4(3)
W(T)-0(3')-W(2') 160.9(3)
W(2")-0(3")-W(1") 161.1(3)

0(oxo)-W(1)-0 0(1)-W(1)-0(3) 98.7(3) 0(1)-W(1)-0(3) 98.2(3)
0(T)-W(T)-0(3') 99.3(3)
0(1")-W(1")-0(3") 98.3(3)

0(1)-W(1)-0(14) 97.2(3) 0(1)-W(1)-0(19) 97.1(3)
0(T)-W(T)-0(19') 96.1(3)
0(1")-W(1")-0(19") 96.2(3)

0(1)-W(1)-0(5) 100.2(3) 0(1)-W(1)-0(5) 99.5(3)
0(T)-W(T)-0(5') 99.7(3)
0(1")-W(1")-0(5") 99.9(3)

0(1)-W(1)-0(11) 98.5(3) 0(1)-W(1)-0(11) 101.4(3)
0(T)-W(T)-0(1T) 100.0(3)
0(1")-W(1")-0(11") 100.3(3)

0(1)-W(1)-0(19) 177.8(3) 0(1)-W(1)-0(24) 176.5(3)
0(T)-W(T)-0(24') 175.9(3)
0(1")-W(1")-0(24") 175.9(3)

0(oxo)-W(2)-0 0(2)-W(2)-0(3) 99.6(3) 0(2)-W(2)-0(3) 98.6(3)
0(2')-W(2')-0(3') 98.0(2)
0(2")-W(2")-0(3") 98.3(3)

0(2)-W(2)-0(23) 97.7(3) 0(2)-W(2)-0(33) 97.0(3)
0(2')-W(2')-0(33') 96.4(3)
0(2")-W(2")-0(33") 97.2(3)

0(2)-W(2)-0(32) 100.3(3) 0(2)-W(2)-0(47) 99.0(3)
0(2')-W(2')-0(47') 99.4(2)
0(2")-W(2")-0(47") 99.9(3)

0(2)-W(2)-0(38) 98.0(3) 0(2)-W(2)-0(53) 100.4(3)
0(2')-W(2’)-0(53') 99.7(3)
0(2")-W(2")-0(53") 99.5(3)

0(2)-W(2)-0(28) 178.4(3) 0(2)-W(2)-0(38) 176.6(3)
0(2')-W(2’)-0(38') 176.4(2)
0(2")-W(2")-0(38") 176.3(3)

0(acid)-W(1)-0 0(3)-W(1)-0(19) 80.2(2) 0(3)-W(1)-0(24) 80.3(2)
0(3')-W(1')-0(24') 80.0(2)
0(3")-W(1")-0(24") 80.0(2)

0(14)-W(1)-0(19) 81.1(2) 0(19)-W(1)-0(24) 80.1(2)
0(19')-W(T)-0(24') 79.9(2)
0(19")-W(1")-0(24") 80.4(2)

0(5)-W(1)-0(19) 81.1(2) 0(5)-W(1)-0(24) 82.4(2)
0(5')-W(T)-0(24') 81.4(2)
0(5")-W(1")-0(24") 82.2(2)

0(11)-W(1)-0(19) 83.4(2) 0(11)-W(1)-0(24) 81.8(2)
0(11')-W(1 >0(24') 84.1(2)
0(11")-W(1")-0(24") 83.4(2)

0(acid)-W(2)-0 0(3)-W(2)-0(28) 79.6(2) 0(3)-W(2)-0(38) 80.2(2)
0(3')-W(2')-0(38') 80.7(2)
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C-0-W(1)

C-0-W(2)

0(3")-W(2")-0(38") 79.7(2)
0(23)-W(2)-0(28) 81.1(2) 0(33)-W(2)-0(38) 80.0(2)

0(33')-W(2')-0(38') 80.6(2)
0(33")-W(2")-0(38") 80.2(2)

0(32)-W(2)-0(28) 80.6(2) 0(47)-W(2)-0(38) 82.5(2)
0(47')-W(2')-0(38') 82.3(2)
0(47")-W(2")-0(38") 82.5(2)

0(38)-W(2)-0(28) 83.4(2) 0(53)-W(2)-0(38) 82.8(2)
0(53')-W(2')-0(38') 83.7(2)
0(53")-W(2")-0(38") 83.5(2)

C(14)-0(14)-W(1) 132.7(5) C(19)-0(19)-W(1) 133.4(5)
C(19')-0(19')-W(1') 136.4(5)
C(19")-0(19")-W(1") 133.7(5)

C(5)-0(5)-W(1) 130.5(5) C(5)-0(5)-W(1) 133.6(5)
C(5')-0(5')-W(1') 132.5(5)
C(5")-0(5")-W(1") 132.3(5)

C(10)-O(11)-W(1) 135.9(5) C(10)-O(11)-W(1) 135.3(6)
C(10')-O(1T)-W(T) 134.5(5)
C(10")-O(11")-W(1") 133.5(5)

C(19)-0(19)-W(1) 128.2(6) C(24)-0(24)-W(1) 129.2(5)
C(24')-0(24')-W(1') 129.8(5)
C(24")-0(24")-W(1") 129.1(5)

C(23)-0(23)-W(2) 132.6(5) C(33)-0(33)-W(2) 135.3(5)
C(33')-0(33')-W(2') 134.0(5)
C(33")-0(33")-W(2") 133.0(6)

C{32)-0(32)-W(2) 130.4(5) C(47)-0(47)-W(2) 131.9(5)
C(47')-0(47')-W(2’) 135.2(5)
C(47")-0(47")-W(2") 130.9(5)

C(37)-0(38)-W(2) 132.0(5) C(52)-0(53)-W(2) 133.7(5)
C(52')-0(53')-W(2') 137.2(5)
C(52")-0(53")-W(2") 133.9(5)

C(28)-0(28)-W(2) 128.9(5) C(38)-0(38)-W(2) 129.6(5)
C(38')-0(38')-W(2') 128.3(5)
C(38")-0(38")-W(2") 128.5(6)

Reacting W O C I4  and SjS-di-wo-propyl salicylic acid at a lower temperature, in refluxing 

hexane, also yielded a red crystalline product, 3. Two ligand environments were 

observed by NMR spectroscopy, but with different chemical shifts to those seen for 2: 

four distinct /ro-propyl groups could be identified (eight doublets corresponding to eight 

CH 3 moieties at 0,73, 1.05, 1.22, 1.24, 1.31, 1.33, 1.34 and 1.35 ppm; three overlapping 

septets at 2.95 ppm due to three CH groups and a septet at 3.62 ppm due to one CH 

group) and four distinct aryl-CH groups could be identified (four doublets at 7.32, 5.51, 

7.80 and 7.85 ppm).
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0(6)
C(31)0(7) C(29)C(7)

0 (21)
C(30)

0(1)C(1)C(6), C(21)
C(22)C(5) CdO)

C(14) C(27)0(27) C(23)

C(12) C(2) C(26)C(4)
C ( 9 )C(3) C(33) C(34)C(25) C(24)

C(11) 0(28)C(13)

C(32)

Figure 2.5 Solid state structure of [WO(‘'' '’* "̂ sali)(̂ ''' ' *^saIiH)Cl], 3, as determined 
by single crystal X-ray diffraction.

A cry stal structure determination was performed, indicating that the product is the novel 

mono-tungs ten complex: ‘̂ sali)(̂ ‘"'"' '^saliH)Cl]. The unit cell contains two

independent molecules, one of these is shown in Figure 2.5. The tungsten centre is 

bound to one salicylate monoanion and one salicylate dianion, which coordinate in the 

same manner as in 1 and 2. In addition, one chloride ligand remains bound to the metal. 

Selected bond lengths and angles are presented in Table 2.2.

The geometn’ around the metal is pseudo-octahedral; once again, large oxo-metal-cis 

ligand angles - 95.9(4) to 102.5(3) ° - indicate that the cis ligands are bent away from the 

0X 0 ligand and out of the equatorial plane. The tungsten-oxo bond length is 1.669(8) or 

1.687(9) A and lies in the expected range, as discussed for 1  and 2. The tungs ten- 

aryloxide bond lengths (1.870(7) to 1.876(8) A) and tungsten-carboxylate bond length 

(1.957(6) or 1.968(6) A) are also similar to those found in 1 and 2. Likewise, the long 

W-acid bond length (2.223(7) or 2.227(7) A) arises from the strong trans influence of 

the 0 X0  ligand and the weak interaction between the acid moiety and the metal. 

Comparing the bond lengths C(27)-0(27) (1 .2 2 1 (1 2 ) or 1.237(12) A) and C(27)-0(28) 

(1.299(13) or 1.285(12) A) indicates that the acid group coordinates through the 

carbonyl oxygen atom. Therefore, the coordination of the metal centre in 3 is identical 

to 1  and 2 , except for the replacement of the bridging oxo ligand by a chloride ligand.
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Table 2.2 Selected bond lengths (À) and angles (degrees) for the complex 
[WO(*""’'sali)(‘“-"'’'saliH )a], 3.

W-O(oxo) W-O 1.687(9) 0(oxo)-W-0 O-W-O(l) 99.2(4)

W-O' 1.669(8) O'-W'-O(T) 95.9(4)

0-W-0(21) 97.4(3)

0'-W'-0(2T) 97.2(3)

W-O(aryloxide) W-0(1) 1.876(8) 0-W-0(8) 100.9(3)

W'-O(T) 1.870(7) 0'-W'-0(8') 102.5(3)

W-0(21) 1.875(6) 0-W-CI 96.6(3)

W'-0(2T) 1.871(6) o'-w'-cr 96.5(3)

0-W -0(27) 177.4(3)

0'-W'-0(27') 177.5(3)

W-O(carboxylate) W-0(8) 1.957(6)

W’-0(8') 1.968(6) O-W-O(acid) 0(1)-W-0(27) 81.3(3)

0(T)-W'-0(27') 84.6(3)

0(21)-W-0(27) 80.0(3)

W-O(acid) W-0(27) 2.223(7) 0(2T)-W'-0(27') 80.3(3)

W'-0(27') 2.227(7) 0(8)-W-0(27) 81.7(3)

0 (8 ’)-W’-0(27’) 80.0(3)
0(27)-W-CI 83.3(2)

W-CI W-CI 2.320(3) 0(27')-W'-cr 83.5(2)

w'-cr 2.306(3)

C-O-W C(1)-0(1)-W 135.3(6)

C(1')-0(1')-W' 135.9(7)

C=0(carbonyl) C(27)-0(27) 1.221(12) C(21)-0(21)-W 138.6(6)

C(27')-0(27') 1.237(12) C(21')-0(21')-W' 140.5(6)

C(7)-0(8)-W 133.4(6)

C(7')-0(8')-W' 135.2(8)

C-O(acid) C(27)-0(28) 1.299(13) C(27)-0(27)-W 131.0(6)

C(27')-0(28') 1.285(12) C(27')-0(27')-W' 131.2(6)

Scheme 2.2 summarises the reactions between tungsten oxytetrachloride and 

substituted salicylic acids that have afforded the products 1, 2 and 3. The mono

tungsten complex, 3, is formed in refluxing hexane, and retains one chloride ligand and 

one sahcylate monoanion. The temperature appears insufficient to force the elimination 

of a fourth HCI molecule and yield a product with two sahcylate dianions coordinated to 

tungsten. Performing the reaction at a higher temperature, in refluxing toluene, yielded
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the ditungsten complexes 1  and 2 , in which the final chloride has been cleaved from the 

metal. Furthermore, the chloride ligand attached to mngsten in 3 has been replaced by a 

bridging-oxo ligand in 1  and 2 .

WOCU + 2

CO,H

toluene, reflux
MeOH

WOCU +
'Pr.OH toluene, reflux

'Pr, OH

'Pr

Pr

'Pr-

HO

Pr

Scheme 2.2 Reactions of WOCI4 and salicylic acid, affording the complexes
[{W0 ("'sali)C'‘saliH )|2(|i-0 )], 1, [{WO(‘‘' '''’ sali)C'''^‘''saliH)h(H-0)|, 2, and 
[WO( '""''sali)C''-^'\aliH)Cl], 3.

For the preparation of the ditungsten compounds, it is possible that initially a complex 

of the t}pe WO(‘̂ sali) 2  could be formed (where 'SaliHg = a substituted salicylic acid), 

which could undergo hydrolysis to yield [{W()('Sali)(‘Salill)}-(())-{WO('^sali)(’̂ salil 1)}]. 

However, this reaction was ruled out because rigorously dning the salicylic acids and 

solvents still afforded 1 and 2 in high yield {ca. 60 %). The only other source of the oxo 

ligand could be the substituted salicylic acid.

After the completion of this work, Heppert et al published a paper entided "Tungsten 

Oxo Salicylate Complexes from Tungsten Hexachloride Reacdon Systems”.*̂’ Their
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work described the reaction of WClg and unsubstituted salicylic acid (saliHg). From solid 

state reactions they crystallographically characterised two products:

[WOo.i4 Clo8 6 (saU)(saliH.THF)] and [{W0(sali)(saliH)}2(^l-0)].

The former was identified as a co-crystallised mixture of [WOCl(sali)(saliH.THF)], 

which is analogous to 3, and [WCl2 (sali)(saliFI.THF)]. The latter is analogous to the 

ring-substimted products 1 and 2. Heppert proposed that tungsten hexachloride is 

capable of reacting with salicylic acid to yield salicoyl chloride, [<?;f/'o-C6 H 4 (OH)(COCl)], 

and tungsten-oxo bonds. Indeed, they identified salicoyl chloride by NMR 

spectroscopy. Thus, it appears that the similar reaction of WOCI4  and substituted 

salicylic acids described herein has afforded 1  and 2 .

2.4 Tungsten(VI) dioxo complexes

2.4.1 Introduction

This section discusses the synthesis of three tungsten(VI) dioxo complexes; with the 

homoleptic tungsten(VI) complex [W(OPh)J and the tungsten(VI) monooxo complexes 

1, 2 and 3, this wül give a range of different precursors for use in CVD reactions.

The majority of tungsten(VI) dioxo complexes that have been reported in the literature 

have been prepared from aqueous solutions of the tungstate dianion, W 0 4 “̂ . However, 

this approach has generally led to the formation of either salts, such as 

[PPh4]2 [W0 2 (0 2 CgH4)],̂  ̂ or oxo-bridged ditungsten compounds, such as [W2 0 5 (trop)] 

(tropH = tropolone, (0)(0H)CyH8)^^. Conventionally, CVD precursors are designed to 

be neutral and monomeric, so keeping to this strategy meant that an alternative 

synthetic route was required. One option would be to use WO 2 CI2  as a reagent to 

directly prepare dioxo complexes, just as WClg and W O C I4  were used to yield 

homoleptic and monooxo complexes respectively. However, WO 2 CI2  forms an 

extensive polymeric network in the solid state, and hence is very insoluble in common 

organic solvents; this makes it an inconvenient entry point for tungsten dioxo 

chemistry. '̂  ̂ However, WO 2 CI2  reacts with acetyl acetone in refluxing toluene, liberating 

HCl and yielding <7 >-[W0 2 (acac)2], 4, as a pale yellow solid. Scheme 2.3.
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O

WO2 CI2  + 2 acacH -2 HCl
— O'

Scheme 2.3 Synthesis of [W02(acac)2], 4.

Conveniently, 4 is a small, monomeric tungsten(VI) complex in which the metal is 

coordinated only to oxygen. Thus, it is also a candidate for a single-source precursor. 

Moreover, 4 will undergo ligand exchange reactions to afford products of the type 

[WO2 L2]; this approach has previously been applied to the synthesis of complexes where 

L is a 2-pyridyl alcoholate ligand.

2.4.2 Results and Discussion

■OH

OH

Figure 2.6 3,5-di-'Bu-catechol (catH 2).

OH

Figure 2.7 maltol (maltH).

Reacting 4 with 2 equivalents of 3,5-di-^u-catechol (catHg), Figure 2.6, in 

dichloromethane yielded a brown powder that analysed as [W0 2 (catH)2], 5. This 

microanalysis result suggests that complex 5 contains a tungsten(VI) centre coordinated 

to two 0 x0  ligands and two catecholate monoanions (which would bond to the metal via 

one aryloxide and one aryl alcohol oxygen). The NMR spectrum of 5, Figure 2.8, 

exhibits four tert-hnxy\ singlets at 1.01, 1.27, 1.32 and 1.55 ppm, and four aryl CH 

doublets at 6.74, 6.84, 7.19 and 7.28 ppm. Thus, the two catecholate monoanions are in 

different chemical environments.
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36H, 'Bu

DCM

4H, aryl CH

acacH—̂acacH

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

Figure 2.8 H NMR spectrum of [W0 2 (catH)2], 5.

The reaction of two equivalents of maltol (maltH), Figure 2.7, with 4 in THF yielded a 

white powder that analysed as |W0 2 (malt)2 ], 6 . The maltolate ligand would be expected 

to coordinate via the alkoxide and carbonyl oxygen atoms. Hence, complex 6  appeared 

to be analogous to the catecholate complex, 5. However, the 'H NMR spectrum of 6 , 

Figure 2.9, contains just one methyl singlet at 2.52 ppm and two CH signals at 6.60 and 

7.99 ppm. This indicates that both maltolate ligands are in the same chemical 

environment.

2H, CH 2H. CH

6H, methyl

DCM

8.0 6.0 5.0 4.0 3.0 2.0 1.0

Figure 2.9 'H NMR spectrum of [W0 2 (malt)2], 6 .
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For both 5 and 6 three possible 6 -coordinate structures can be proposed, these are 

shown in Figure 2.10 and Figure 2.11. Two of the possible structures for each 

compound have Cg symmetr\', rendering both ligands identical. However, the third 

possible structure does not have C, symmetny and the two ligands are in different 

environments. Since for 5 two ligand environments are observed by NMR 

spectroscopy, it must have the structure without the C, symmetr}\ This structure seems 

to be sterically favoured, allowing the bulky tert-huvgl groups to be furthest apart.

H Hi H H i H HO,

Figure 2.10 Possible structures of [W0 2 (catH)2], 5. The correct structure, as 
determined by NMR spectroscopy, is shown in blue. This is the sterically 
favoured product.

Figure 2.11 Possible structures of [W0 2 (malt)2], 6 . The correct structure, as 
determined by NMR spectroscopy and single crystal X-ray diffraction, is shown 
in blue. This is the electronically favoured product.

Conversely, 6  must have one of the two C2  structures, since the ’H NMR spectrum 

indicates only one maltolate environment. The two C2  structures differ in which groups 

are trans to the 0 x0  ligands: either the alkoxide or the carbonyl. As the alkoxide ligands 

are strong 71-donors, it is likely that they would avoid being trans to the 0 x0  ligands, 

which are also strong TT-donors. Therefore, the structure with the carbonyl groups 

coordinated trans to the 0 x0  groups is favoured, based upon electronic arguments.
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Cn'stals of 6  suitable for a single cr\'stal X-ray diffraction study were grown from 

acetomtrile. The solid state structure of 6  is shown in Figure 2.12 and selected 

structural parameters are presented in Table 2.3.

CI7A) 0(3A) W

0I1A)

C(6A) c(5A)

Figure 2.12 Solid state structure of [W02 (malt)2], 6, as determined by single 
crystal X-ray diffraction.

The expected ( ^ 2  symmetr}' is observed, and thus the two maltolate ligands are 

equivalent, as are the oxo ligands. The oxo-W-oxo angle of 104.5(4)° is mpical for a cis- 

dioxo complex.^" The maltolate ligands form a five membered chelate ring, with a 

0(3)-W-0(4) bite angle of 75.7(2)°. The large angle at the metal dioxo fragment and 

the small chelate bite angle mean that the geometn' around the metal centre is highly 

distorted from a regular octahedron.

The metal-oxo bond distance is 1.704(6) A; this is not much longer than the metal oxo 

distance obsen ed in 1, 2, and 3, and slightly shorter than that found in most other 

mngsten dioxo c ompl e xe s . I t  is expected that dioxo complexes should have longer 

metal oxo bond lengths than monoxo complexes because the bond order falls from 3 to 

2.5. As expected, the mngsten to carbonyl bond length (2.232(5) A) is much longer 

than the mngsten to alkoxide bond length (1.977(5) A); this is due to the weaker
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interaction between the metal and the carbonyl group and the trans influence of the oxo 

ligand.

Table 2.3 Selected bond lengths (A) and angles (degrees) for 6

W -  0X 0 W - 0 1.704(6) O - W - 0  O - W - 0 104.5(4)

0 - W - 0 ( 3 ) 103.0(2)

W -  O(alkoxide) W - 0 ( 3 ) 1.977(5) 0 - W - 0 ( 3 A ) 92.2(2)

0 - W - 0 ( 4 ) 89.4(3)

W -  O(carbonyl) W -  0(4) 2.232(5) 0 - W - 0 ( 4 A ) 163.4(2)

0 ( 3 ) - W - 0 ( 3 A ) 155.2(3)

C - O - W 0(3) -  0 ( 3 ) - W 118.3(4) 0 ( 3 ) - W - 0 ( 4 ) 75.7(2)

0(4) -  0 ( 4 ) - W 112.1(4) 0 ( 3 ) - W - 0 ( 4 A ) 85.1(2)

Scheme 2.4 summarises the reactions that have yielded tungsten(VI) dioxo complexes, 

as described in this section. Most of the tungsten dioxo complexes that have been 

reported in the literature are salts or oxo bridged dimers, but the reaction of acetyl 

acetone with WO 2 CI2  to yield [W0 2 (acac)2], 4, has given a route to two neutral, 

monomeric compounds: [W0 2 (catH)2], 5, and [W0 2 (malt)2 ], 6 . These novel complexes 

have been prepared by exchanging the acetyl acetonate ligands for other oxygen donor 

ligands. NMR spectroscopy and X-ray crystallography have determined the structure of 

5, which is favoured sterically, and the structure of 6 , which is favoured electronically.
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W O 2CI2 + 2  acacH
reflux, to lu en e  

-2 HCl

W 02(acac)2 , 4

1 1 ^ 0

+ 2
RT, DCM 

-2 acacH

catH 2 = 3 ,5-di-t-butylcatechol

H HO

+ 2

maltH = maltol

RT, DCM

-2 acacH

W02(malt)2. 6

Scheme 2.4 Synthesis of tungsten(VI) dioxo complexes

2.5 Conclusions

This chapter has discussed the synthesis and characterisation of a range of tungsten 

coordination complexes that have the potential to act as single source precursors for the 

chemical vapour deposition of tungsten oxide thin films on glass. Section 2.2 described 

tungsten hexaphenoxide, a known homoleptic compound. Section 2.3 detailed the 

reactions of W O C I4 with 3-methyl- and 3,5-di-/,ro-propylsalicylic acids to yield three 

novel complexes. Complex 1, [ {W()(‘̂ 'Tali)(^'TahH)}2 (p-0 )], and complex 2,

Tali)(̂ ‘̂̂"* TaliH)}2 (|Ll-0 )], were prepared in refluxing toluene and are 

analogous 0 x0  bridged ditungsten complexes, with different substitution around the 

arene ring of the sahcvlate hgand. Performing the reaction in refluxing hexane instead 

of refluxing toluene afforded the novel monotungsten complex 3: 

 ̂Tali)( '̂^  ̂"̂ saliH)Cl]. The complexes 1, 2 and 3 have been cry stallographically 

characterised.

Section 2.4 described the reaction of WO2 CI2  with acet) l acetone to afford the known 

compound [WC)2 (acac)2 ], 4. Two novel tungsten dioxo complexes, [\XT)2 (catH)2 ], 5, and 

|W()2 (malt)2 ], 6 , were synthesised by ligand exchange reactions of 4. The structures of 5
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and 6  were deduced by NMR spectroscopy; in addition, a crystal structure determination 

was performed for 6 . Compound 5 was shown to have a structure that is favoured by 

steric considerations, whereas the structure of 6  is favoured on electronic grounds.

So, the range of compounds for evaluation as precursors in CVD reactions consists of a 

homoleptic tungsten(VI) aryloxide complex, three tungsten(VI) oxo salicylate complexes 

- two of which are analogous ditungsten complexes containing an oxo bridge, and three 

tungsten(VI) dioxo compounds. Chapter 3 evaluates these seven compounds in terms 

of their potential to act as single-source precursors for the deposition of WO 3 coatings. 

Chapter 4 then details the CVD experiments performed and the films produced from 

these precursors.

2.6 Experim ental

All manipulations were performed under dry, oxygen free nitrogen using standard 

Schlenk techniques or in an Mbraun Unilab glove box unless stated. Hydrocarbon and 

ether solvents were dried over and distilled from sodium-benzophenone prior to use. 

Dichloromethane and acetonitrile were pre-dried over 4 A molecular sieves and dried 

and distilled from calcium hydride. AU other reagents were obtained from Aldrich 

Chemical Co. and used without further purification unless stated. NMR spectra were 

obtained on Briiker AMX300 or AMX400 spectrometers; elemental analyses were 

performed by the microanalytical service at UCL; IR spectra were performed as KBr 

discs on a Shimadzu FTIR 8700 instrument.

2.6.1 Tungsten hexaphenoxide, [W (0Ph)6]

Phenol (14.1 g, 150 mmol) was added to a stirred solution of tungsten hexachloride 

(9.9 g, 25 mmol) in toluene (250 cm^). The colour of the solution immediately changed 

from black to dark red. The mixture was refluxed for 16 hours, after which time the 

solvent was removed in vacuo and the crude product heated at 80 — 90 °C for 3 hours to 

remove unreacted phenol. From this stage forwards the material was handled in air. 

The red soUd was dissolved in ether (200 cm^) and washed with ca. 5 % aqueous NaOH 

(3 X 100 cm^), which removed aU of the undissolved residue. The ether was then 

removed in vacuo to give a red soUd, which was subsequently dissolved in acetonitrile and
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filtered, leaving some soHd that would not dissolve. Removing the solvent in vacuo 

afforded a product which was pure by NMR spectroscopy. Yield = 8.75 g, 47 %.

'H  NMR (CDCI3): Ô 6 . 8 6  (18H, m, CH); 7.21 (12H, m, CH).

’̂ C -{’H} NMR (CDCI3): Ô 120.4 (CH); 123.4 (CH); 128.8 (CH); 161.8 (CO).

2.6.2 Tungsten 0x0 salicylate complexes

2.6.2.1 Preparation of WOCU

Tungsten oxytetrachloride was prepared as previously reported.®*" Tungstic acid (10 g, 

40 mmol) and thionyl chloride (200 cm ,̂ 2.75 mol) were refluxed together for 16 hours, 

after which the yeUow slurry had changed to a clear orange solution. The volatiles were 

removed in vacuo. Pure W O C I4  was then sublimed under a dynamic vacuum as 

glistening red needle crystals onto the walls of an air condenser.

2 .6.2 2 Preparation of [{W0(“*sall){”*sallH)}2(p-0)], 1
(^^saliHg = 3-methyl salicylic acid)

A solution of 3-methyl salicylic acid (0.46 g, 3 mmol) in toluene (20 cm®) was added to a 

stirred solution of W O C I4  (0.51 g, 1.5 mmol) also in toluene (15 cm®). The mixture was 

refluxed for 16 hours, after which the solvent was removed in vacuo. The crude product 

was extracted in dichloromethane {ca. 15cm®), and the solvent removed in vacuo. Yield 

0.43 g, 56 % based upon tungsten. Red crystals of 1 were grown over several days from 

a saturated dichloromethane solution. The crystal structure contained free 3-methyl 

salicylic acid and dichloromethane:

[{WO(""'sali)(^'saliH)}2(p-O)]rsaliHj.0.5DCM,

but subsequendy crystals were obtained of [{WO(' '̂'sali)("^%aliH)}2 (|Ll-0 )].

Anal. Calculated for C3 2 H 2 6 O 1 5 W2 : C, 37.75; H, 2.57;. Found: C, 37.86; H, 2.50 %.

'H  NMR (CDCI3): Ô 1.53 (s, 6 H, C H 3), 2.61 (s, 6 H, CH 3), 6.85 (t, 2H, CH), 7.04 (t, 2H, 

CH), 7.23 (d, 2H, CH), 7.61 (d, 2H, CH), 7.76 (d, 2H, CH), 7.86 (d, 2H, CH).
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2.6 2.3 Preparation of [{WO("' ''^"sali)('""'''saliH)}2(p-0)], 2

= 3,5-di-/j-<?-propyl salicylic acid)

A solution of 3,5-di-tio-pfopyl salicylic acid (0.67 g, 3 mmol) in toluene (20 cm )̂ was 

added to a solution of W O C I4  (0.51 g, 1.5 mmol) also in toluene (15 cm^) with stirring. 

The mixture was refluxed for 16 hours, after which the solvent was removed in vacuo. 

The crude product was extracted into hexane {ca. 25cm^). This saturated solution was 

left to stand overnight at room temperature. After this time red crystals of 2 suitable for 

single crystal x-ray diffraction precipitated from the solution. Yield 0.61 g, 63 % based 

upon tungsten.

Anal. Calculated for Cĝ Ĥ gÔ ^Wg: C, 48.09; H, 5.12. Found: C, 48.01; H, 4.99 %.

'H  NMR (CDCI3): 8  0.42 (d, 3H, CH,), 0.95 (d, 3H, CH,), 1.20 (d, 3H, CH,). 1.21 (d, 

3H, CH;), 1.22 (d, 3H, CH,), 1.23 (d, 3H, CH,), 1.39 (d, 3H, CH,), 1.42 (d, 3H, CH,), 

2.69 (septet, IH, CH), 2.85 (septet, IH, CH), 2.95 (septet, IH, CH), 3.71 (septet, IH, 

CH), 7.18 (d, IH, CH), 7.50 (d, IH, CH), 7.62 (d, IH, CH), 7.74 (d, IH, CH).

2.6.2.4 Preparation of [WO(‘" ' '’''saii)( "'"'''saiiH)Ci], 3

(‘̂ '"'’̂ "saliH2  = 3,5-di-tio-propyl salicylic acid)

A solution of 3,5-di-tio-propyl salicylic acid (0.67 g, 3 mmol) in hexane (20 cm )̂ was 

added to a stirred solution of W O C I4  (0.51 g, 1.5 mmol) also in hexane (10 cm^). The 

mixture was refluxed for 16 hours, after which the solvent was removed in vacuo. The 

crude product was extracted in petroleum ether (40-60) (25cm^). Removing the solvent 

in vacuo gave a red soHd. Red crystals of 1 were grown overnight from a saturated 

pentane solution. Yield 0.48g, 47 % based upon tungsten.

Anal. Calculated for C2 6 H 3 3 CIO7W: C, 46.16; H, 4.92; Cl, 5.24. Found: C, 46.35; H, 4.92; 

Cl, 5.41 %.

’H NMR (CDCI3): Ô 0.73 (d , 3H, C H 3), 1.05 (d, 3H, C H 3), 1.22 (d, 3H, C H 3), 1.24 (d, 

3H, CH3), 1.31 (d, 3H, CH 3), 1.33 (d, 3H, C H 3), 1.34 (d, 3H, C H 3), 1.35 (d, 3H, C H 3), 

2.95 (3 septets, 3H, CH), 3.62 (septet, IH, CH), 7.32 (d, IH, CH), 7.51 (d, IH, CH), 7.80 

(d, IH, CH), 7.85 (d, IH, CH).
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2.6.3 Tungsten dioxo complexes

2.6.3.1 Preparation of [W02(acac)2], 4

(acacH = acetyl acetone)

[W0 2 (acac)2 ] was prepared as the literature method describes.A  suspension of WOgClg 

(5.0 g, 17.4 mmol) and freshly distilled pentane-2,4-dione in toluene (300 cm )̂ were 

refluxed for 15 hours and then filtered whilst still hot to afford a yellow solution. The 

solvent was reduced to ca. 150 cm  ̂ in vacuo., and overnight a yellow crystalline solid 

precipitated from the solution. The crystalline solid was isolated by filtration. The 

solvent was removed from the filtrate in vacuo, yielding a yellow microcrystaUine powder. 

Both solids were identified to be pure [W0 2 (acac)j by NMR spectroscopy.

'H  NMR (CDCI3): 2.16 (s, 6 H, CH 3), 2.17 (s, 6 H, CH 3), 5.83 (s, 2H, CH).

2.6 3.2 Preparation of [W02(catH)2], 5

(catH2  = 3,5-di-Bu-catechol)

A solution of 3,5-di-'Bu-catechol (0.44 g, 2 mmol) in dichloromethane (15 cm )̂ was 

added to a solution of [W0 2 (acac)2 ] (0.41 g, 1 mmol), also in dichloromethane (20 cm )̂. 

The colour of the solution immediately changed from pale yellow to dark brown. After 

stirring for 16 hours the solvent was removed in vacuo. The crude product was dissolved 

in pet. spirit (40 — 60, 35 cm )̂ and cooled to -20 °C. After two days a dark brown 

powder precipitated from the solution. Yield 0.53 g, 80 %.

Anal. Calculated for C2 gĤ 2 0 gW: C, 51.07; H, 6.42. Found: C, 51.79; H, 5.87 %.

'H NMR (CD2 CI2): Ô 1.01 (s, 9H, Tu), 1.27 (s, 9H, Tu), 1.32 (s, 9H, Tu), 1.55 (s, 9H, 

Tu), 6.74 (d, IH, aryl CH), 6.84 (d, IH, aryl CH), 7.19 (d, IH, aryl CH), 7.28 (d, IH, aryl 

CH).

2.6 3.3 Preparation of [W02(mait)2], 6

(maltH = maltol)

A solution of maltol (0.25 g, 2 mmol) in THF (20 cm )̂ was added to a solution of 

[W0 2 (acac)2 ] (0.41 g, 1 mmol) also in THF (30 cm )̂ with stirring. The mixture was 

stirred overnight, after which it was filtered to remove some white solid which had 

appeared. Removing the solvent in vacuo afforded a white sohd (0.26 g, 56 %). Crystals
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suitable for a crystal structure determination precipitated from a saturated acetonitrile 

solution of 6  over a period of 2 weeks at —20 °C.

Anal. Calculated for C^gH^gOgW: C, 30.93; H, 2.20. Found: C, 30.93; H, 1.90 %.

'H  NMR (CD2 CI2): 6  2.52 (s, 6 H, C H j, 6.60 (d, 2H, CH), 7.99 (d, 2H, CH).
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source precursors

3.1 Introduction

Performing certain thermal analysis techniques on a compound affords information 

concerning the abihty of the molecule to act as a single-source precursor. This chapter 

describes two techniques - thermal gravimetric analysis QTGA) and differential scanning 

calorimetry (DSC) - that have been used to analyse the coordination complexes whose 

synthesis was described in Chapter 2.

Thermal Gravimetric Analysis continuously records the mass of a material as it is heated 

in a controlled atmosphere. Thus, TGA can lead to the identification of decomposition 

products, and, where decomposition steps are clean and identifiable, allows prediction 

of the decomposition mechanism.

Differential Scanning Calorimetry records differences in heat flow into a sample and an 

inert reference as the two are simultaneously heated. DSC, therefore, yields information 

concerning physical and chemical changes that are accompanied by a gain or loss of 

heat, for example phase changes and decomposition temperatures.

A good candidate for a CVD precursor will exhibit a melting transition at a temperature 

much lower than the onset of decomposition, enabling it to be thermally vaporised at a 

stable temperature. In addition, a good candidate will decompose to yield WO 3 at a low 

temperature (say 300 °C), enabling deposition over a wide temperature range that may 

allow control of the properties of the material. At worst, the potential precursor must 

decompose to tungsten oxide at ca. 650 °C, because the glass substrate wiU melt above 

this temperature. The analysis techniques described in this chapter, however, are 

performed on bulk samples of the precursors, and so do not replicate a CVD 

experiment; different physical and chemical processes may occur when the complexes 

are applied in chemical vapour deposition. In particular, adsorption to the substrate, 

precursor concentration and the nature of the CVD atmosphere wül affect the 

decomposition of the precursor.

63



Chapter 3 Thet7f7al analysis of potential single-sonrce precursors

The thermal analysis of the precursors is discussed in the order that the precursors were 

introduced in Chapter 2. Hence, Section 3.2 describes the decomposition of [W(OPh)J, 

Section 3.3 describes the decomposition of the tungsten oxo salicylate complexes 1, 2, 

and 3 and Section 3.4 describes the decomposition of tungsten dioxo complexes 4, 5, 

and 6 .

3.2 Thermal analysis o f tungsten hexaphenoxide

Tungsten hexaphenoxide, [W(OPh)J, has the attributes of a conventional CVD 

precursor, being neutral, monomeric, of low molecular mass and containing sufficient 

W-O bonds to satisfy the requirements of WO3 . Thus, it was expected that [W(OPh)J 

would satisfy the conventional C\T3 criteria of being sufficiently volatile to be vaporised 

thermally and undergoing decomposition to yield the desired product. Figure 3.1 

illustrates TCA and DSC measurements recorded for tungsten hexaphenoxide.
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Figure 3.1 TGA and DSC measurements for [W(OPh)^].

The DSC graph contains a large, sharp endotherm at 72 °C  that is characteristic of a 

melting point, although this is not in exact agreement with the previously reported 

melting point for [W%OPh)̂ ,| of 95 °C. ’ At only slightly higher temperature, the TGA
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Chapter 3 Thermal analysis of potential single-source precursors

graph shows a decrease in mass that probably marks the onset of decomposition; this is 

supported by the corresponding observation of a broad endotherm in the DSC graph. 

Thus, it appears that the difference in temperature between which [W(OPh)J melts and 

starts to decompose is very small. Consequently, it would be difficult to heat and 

maintain tungsten hexaphenoxide at a temperature at which it is volatile without it 

decomposing. Hence, this analysis would appear to rule out conventional heating at 

atmospheric pressure to vaporise [W(OPh)g] in CVD.

Complete decomposition of tungsten hexaphenoxide to WO 3  requires a total mass loss 

of 69 %, and this is indicated by TGA to occur at 500 °C. However, at 350 °C the mass 

loss equals 64 %, which is almost complete decomposition. As discussed in Section 3.1, 

these thermal analyses do not entirely replicate a CVD experiment, so deposition at 

350 °C or lower may be possible.

3.3 Thermal analysis o f tungsten oxo salicylate complexes

AU of the mngsten 0 x0  salicylate complexes [(W 0 (^^saLi)('^TaliH)}2 (|I-0 )], 1, 

[{W0 C'‘-'^aH)C'‘-'^^aliH)}2 (|I-0 )], 2, and [WO(^"'^aH)C'‘'^aliH)Cl], 3, contain more 

than the required number of W - O  bonds to satisfy the requirements for W O 3 , and in 

this respect they appear to be suitable CVD precursors. However, whereas the aim was 

to synthesise monomngsten complexes with low molecular mass, which would aid 

volatility, 1 and 2 are dimngsten compounds. Thermal gravimetric analysis and 

differential scanning calorimetry measurements recorded for the dimngsten complexes 1 

and 2 are shown in Figure 3.2 and Figure 3.3.
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Figure 3.2 TGA and DSC measurements for [{W0 (’̂ ^sali)('^^saliH)}2 (^l-0 )], 1.
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Figure 3.3 TGA and DSC measurements for [{W0("""‘̂ ^sali)(‘'' '-'’̂ saliH)}2 (^- 0 )], 2

As was expected from such similar complexes, the thermal analyses for 1 and 2 

demonstrate similar characteristics. The DSC graphs for both compounds show large 

endotherms at the onset of decomposition (269 °C for 1 and 295 °C for 2). The TGA
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graph for 2  shows a mass loss at a temperature lower than this, probably due to loss of 

solvent from the powder. Upon heating, neither compound demonstrates a phase 

change prior to the onset of decomposition, indicating that neither compound is Hkely 

to be volatile prior to the onset of decomposition; this was expected for ditungsten 

complexes. Nevertheless, operating at low pressure or using a solution delivery system 

could enable these precursors to be used in CVD reactions.

Assigning decomposition steps from the TGA graphs is not easy for either compound. 

Both graphs indicate an initial decomposition step corresponding to a mass loss that 

agrees well with the removal of one sahcylate Hgand from the complex (15.5 % for 1 and 

17 % for 2). However, the subsequent mass losses do not match to such identifiable 

chemical species, suggesting that further decomposition occurs via cleavage of bonds 

within the sahcylate Hgands. A mass loss of 64 % would indicate that complex 1 had 

decomposed to yield WO 3 , however, the mass loss at 500 °C is only 44 %. Similarly, the 

mass loss of 2 is only 59 % at 500 °C, although only a sHghtly greater loss is required to 

reach the 64 % that would indicate complete decomposition to W O 3. Unformnately, 

the use of aluminium crucibles (melting point ~ 660 °C) gave an upper temperature limit 

to the TGA experiment of 500 °C. Although complete decomposition to WO 3 has not 

been shown, these complexes may still be used as single-source precursors for the CVD 

of tungsten oxide; indeed under the conditions of a CVD experiment, 2 may decompose 

to afford WO 3  at 500 °C or less

TGA and DSC data for the mono-mngsten complex 3 are shown in Figure 3.4. The 

DSC graph is different to those recorded for the ditungsten compounds 1 and 2; two 

large endotherms are present at 190 and 247 °C. The peak at 190 °C indicates the 

melting point of 3, whilst the peak at 247 °C corresponds with the onset of 

decomposition. Hence, it may be possible to thermaUy vaporise 3 by heating it to a 

temperature between 190 and 247 °C.
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Figure 3.4 TGA and DSC measurements for [WO("""’’̂ s a l i ) f ‘'^saliH)Cl], 3.

The T(jA data for 3 indicate a mass loss at 500 °(] of 60 %, which is close to the 6 6  % 

mass loss that is required to form WO3 . Therefore, film deposition may be possible at 

500 °C or less.

3.4 Tungsten dioxo complexes

The mngsten dioxo complexes |WO,(acac)2 ] 4, |W()2 (catH)2 ] 5 and |W()2 (malt)2 j 6  

appear to be good candidates for use in CVD reactions, since they have no charge, are 

monomeric and have low molecular mass. In addition, they contain sufficient W-O 

bonds to yield WO3 .

The compounds were analysed by TGA and DSC, as shown in Figure 3.5, Figure 3.6 

and Figure 3.7. As observed for all of the potential CVD precursors, DSC data for 4, 5 

and 6  show an endotherm at a temperamre corresponding to the onset of 

decomposition (206 °C for 4; 262 °C for 5; 302 °C for 6 ). However, only 3 appears to 

undergo a phase change before decomposition, with an endotherm at 119 °C idendfving 

the meldng point of the complex. Like for the salicylate complexes 1 and 2, an
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alternative to thermal vaporisation will probably be required to obtain the tungsten 

dioxo complexes 5 and 6  in the vapour phase.
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Figure 3.5 TGA and DSC measurements for [W0 2 (acac)2 ] 4.
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Figure 3.7 TGA and DSC measurements for [W0 2 (malt)2 ] 6 .

The T(T\ data show that both 5 and 6  undergo mass losses prior to the onset of 

decomposition, probably due to removal of solvent from the material. Although full 

decomposition pathways cannot be identified for these three complexes, 4 and 5 both 

show clear initial decomposition steps, with mass losses of 20 and 31 % respectively. 

These steps cannot be attributed to loss of complete hgands, since cleavage of one acac 

ligand (CjH-Ot) from 4 would correspond to a mass loss of 24 %, and cleavage of one 

catecholate hgand (C^^H2 ,C)2) from 5 would correspond to a mass loss of 34 ° o. 

However, thev can be attributed to the cleavage of these hgands if one oxygen atom 

from the hgand remains coordinated to the metal centre, as shown by Scheme 3.1. 

The same decomposition step cannot be identified from the thermal gravimetric analysis 

of the maltolate complex, 6 .
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W02(acac)2, 4
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- C 5 H7 O 
- 2 0  % mass
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-  C 1 4 H 2 1 O

- 31 % mass
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Scheme 3.1 Proposed initial decomposition step for [W02(acac)2], 4, and 
[ W 0 2 ( c a t H ) 2 ] , 5 .

In addition, the data obtained from the TG A experiments indicate that a temperamre of 

500 °C is insufficient for 4, 5 or 6  to decompose to WO^: 4 undergoes a 32 % mass loss, 

44 would be complete decomposition to WO,; 5 a 36 % mass loss, 69 % would be 

equivalent to decomposition to WO,; 6  a 22 % mass loss, 50 % would be 

decomposition to WO,. Hence, it is likely that the substrate temperature must be 

greater than 500 °C if these compounds are to act as single-source precursors for the 

deposition of mngsten oxide thin films.

3.5 Conclusions

TGA and DSC experiments have yielded important information concerning the use of 

the potential single-source precursors |3X^(OPh)J and 1 -  6  in CVD reactions. Upon 

heating, only three of the seven complexes undergo a melting transition before the onset 

of decomposition is reached. Therefore, either thermal vaporisation must be performed 

at reduced pressure, or an alternative method of vaporisation is required, at least for 

these potential precursors. In addition, TCjA measurements indicate that tungsten oxide
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films could be deposited via the decomposition of [W(OPh)J from as low as 350 °C, but 

that the monooxo complexes 1, 2, and 3 and the dioxo complexes 4, 5, and 6  wiU 

probably require higher substrate temperatures, perhaps in excess of 500 °C, to 

successfuUy deposit WO 3 coatings. Chapter 4 describes the aerosol assisted CVD of 

tungsten oxide thin films using some of these precursors, for a range of deposition 

temperatures 300 — 620 °C.

3.6 Experim ental

TGA and DSC were performed by the ULIRS thermal analysis service. Both analyses 

were performed on samples of mass 5 — 10 mg, which were contained in sealed 

aluminium crucibles (volume 50 pi) that had been pierced with a pin hole. The samples 

were heated from room temperature to 500 °C at a rate of 10 °C min \  DSC 

measurements were carried out on a Shimadzu DSC-50 instrument, with a nitrogen flow 

of 30 cm^ min \  TGA was performed on a Shimadzu TGA-50 instrument, with a 

nitrogen flow of 60 cm  ̂min ’.
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Chapter 4 Aerosol assisted CVD of tungsten oxide 

thin films from single-source precursors

4.1 Introduction

This chapter describes the chemical vapour deposition of tungsten oxide thin films on 

glass substrates from a range of single-source precursors, whose synthesis was discussed 

in Chapter 2. Some of the important experimental points concerning the precursor 

vaporisation and the CVD reactor wül be addressed in Section 4.2. In particular, the 

need for an alternative precursor vaporisation technique is discussed and the concept of 

aerosol assisted CVD is introduced. Section 4.3 forms the majority of the chapter, 

detailing the use of a range of very different single-source precursors for the chemical 

vapour deposition of tungsten oxide thin films, and the analysis of these films. 

Important conclusions are noted in Section 4.4. Finally, Section 4.5 contains 

experimental detaüs for the CVD experiments and for the analytical techniques 

performed.

4.2 CVD apparatus

4.2.1 Precursor vaporisation

Conventionally, precursors for the CVD of solid thin films are required to have 

sufficient volatility to be thermally vaporised and transported to the substrate. 

Therefore, a precursor must have a significant vapour pressure below a temperature of 

ca. 200 °C to be vaporised and remain in the vapour phase during transportation. To 

prevent decomposition of the compound before reaching the reaction chamber, it must 

have a decomposition temperature higher than the temperature at which it is volatile. 

As demonstrated in Chapter 3, thermal vaporisation was not suitable for some of the 

potential single-source precursors, and thus a conventional thermal vaporisation 

technique could not be employed.

One alternative to thermal vaporisation at atmospheric pressure would be to thermally 

vaporise the precursor at low pressure, eg. 10'  ̂Torr. However, the aim of this research
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was to develop precursors that could be used to prepare thin fih-ns on large area 

substrates, especially glass for use in glazing, for which low pressure CVD is unsuitable.

Aerosol assisted CVD, as its name implies, uses an aerosol vaporisation technique,'"*' 

Figure 4.1. The precursor is dissolved in an organic solvent: in particular acetone, 

dichloromethane, THF, toluene and acetonitrile proved suitable. An aerosol mist of the 

precursor solution can be generated using a commercially available ultrasonic 

humidifier. The humidifier generates ultrasonic waves from a submerged piezo-elecric 

device. These ultrasonic waves pass through the precursor solution, generating a wave 

pattern on the surface of the liquid. When the wave height is sufficient, the wave crests 

become unstable and form droplets that are ejected from the surface to generate the 

aerosol mist.'"'̂

ultrBMnic humid Ifiar

to  raaotor

pinecuraor /  ■ollvent miitt 
N2 oarriar ga#

pkBco-aiactrk darvica

Figure 4.1 Schematic diagram of the aerosol delivery system.

It is then possible to transport the precursor mist to the reactor chamber by diverdng 

the flow of the dinitrogen carrier gas through the flask containing the aerosol. Wlien 

the aerosol mist arrives at the reaction chamber, which is upically heated in excess of 

300 °C, the solvent evaporates to leave the precursor as a vapour. Thus, the precursor
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is present in the reactor in the gaseous state, but a conventional thermal vaporisation 

technique has been avoided.

4.2.2 CVD reaction chamber

Tungsten oxide films were deposited on glass substrates in a cold-wall flat-bed reactor, 

Figure 4.2. The precursor /  solvent mist passes through a brass baffle, which generates 

a uniform flow of gas across the width of the CVD reactor. This uniform flow then 

passes between the heated glass substrate and a quartz top plate 1 0  mm above the glass. 

The glass substrates of dmiensions 150 by 45 by 4 mm were heated from below by a 

graphite heating block All CVD experiments were performed with a nitrogen flow of 

1 dm  ̂ min ', after which the substrate was allowed to cool to a temperature below 

150 °C also under a nitrogen flow of 1 dnr  ̂ min '. All films were deposited on glass 

which had been pre-coated with a SiO, barrier layer by Pilkington Glass. This barrier 

layer prevented atoms within the glass diffusing into the deposited fihu.

from bubbler
I

precursor /  solvent m ist 
Nz carrie r gas

baffle

q uartz  tube

i
glass substrate

heated graphite block

to  exhau st
 ►
unreacted  m aterial 

by-products 
Nj carrie r gas

Figure 4.2 Schematic diagram of the CVD reactor.

4.3 Deposition o f tungsten oxide films

4.3.1 Tungsten hexaphenoxide

Tungsten hexaphenoxide, [W(GPh)J, was used in AAC\TD experiments by dissolving 

the red solid (0.37 g, 0.5 mmol) in acetone (50 cm’). Blue fihiis were deposited on glass 

substrates at temperatures of 300, 400 and 500 °C. The films were adherent to the 

substrates, and could not be dislodged by wiping with a paper towel. However, the 

films could be scratched with a steel scalpel blade.
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The blue colour of the deposited films is indicative of reduced tungsten species, and is 

observ ed for partially reduced WO ^ ( x  = 0 - 0.5)/ Heating the fihns at 550 °C for 30 

minutes in air changed the colour of the films from blue to yellow, Figure 4.3. This 

yellow colour is obsen ed for fuUy-oxidised WO 3 .

550 °C, in air, 30 minutes

Figure 4.3 An as-deposited blue film (W O 3 .J  and a sintered yellow film (W O 3 ) of 
tungsten oxide deposited from [W(OPh)J at 500 °C.

The thin films deposited from |W(OTh)( ]̂ at 400 °C were analysed by X-ray photo

electron spectroscopy. This allowed determination of the level of carbon contamination 

within the tungsten oxide coatings; for the as-deposited fihns this was less than 2  %, and 

for the sintered films this was less 0.5 %. In addition, smdying the spectra of the W 4f 

peaks. Figure 4.4, gave mformation about the oxidation state of the tungsten cations. 

The surface spectrum of a sintered sample exhibits a double peak corresponding to 

Ŵ ’ 4 T / 2  and 4 ^ / 2  photoelectrons at binding energies of 35.6 and 37.8 eV

respectively; the O ls peak is observed at 530.0 eV. These peak positions are in 

excellent agreement with previous studies of The spectrum obtained from the

as-deposited blue film is similar, containing an O Is peak at 530.4 eV and 4 f^  and 

4 f5 / 2  peaks at 35.4 and 37.5 eV respectively. However, a shoulder to the tungsten 

double peak at lower binding energ) indicates the presence of or cations. 

These reduced tungsten species are further evidence for the W0 3 _. stoichiometry.
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Figure 4.4 X-ray photoelectron spectra showing the W 4f peaks for (a) a sintered 
yellow tungsten oxide film (experimental data in orange) and (b) an as-deposited 
blue tungsten oxide film (experimental data in dark blue), deposited from 
[W(OPh)g] at 400 °C. Fitted peaks corresponding to are shown in black and 

in light blue. The sum of the fitted peaks is shown by the broken red
line.
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Raman spectra were recorded for the films deposited at substrate temperatures of 300, 

400 and 500 °C in the blue state (as-deposited) and also in the yellow state (post

sintering at 550 °C in air), Figure 4.5. Depositing blue tungsten oxide at 300 °C has 

afforded Raman spectra characteristic of amorphous showing broad peaks with

the most significant being at 925, 662 and 208 cm'h In particular, the peak at 208 cm^ 

has been identified with reduced tungsten cations, although there has been some 

disagreement as to whether this peak corresponds to a -O mode^^ or arises from 

vibrations of ion p a i r s . T h e  band at 662 cm^ has been assigned to a W^^-O 

stretching mode, whereas the peak at 925 cm"’ is due to a terminal W —O stretch. 

Raman spectra of blue tungsten oxide as-deposited at 400 and 500 °C exhibit a band 

close to 208 cm^ due to partially reduced but the remaining peaks due to

amorphous mngsten oxide are less apparent. Instead, peaks are present at 807, 715, 273 

and 133 cm"’ that can be identified as the crystalline phase of monochnic y-WO .̂^  ̂ The 

bands at 273 and 133 cm ’ have been assigned to W^^-O-W^^ bending modes and the 

bands at 807 and 715 cm ’ to W^^-O stretching modes.

Thus, Raman spectroscopy has indicated that aU of the blue as-formed films are partially 

reduced W O ^ I n  addition, depositing on glass at 300 °C yields an amorphous film, 

whereas depositing on glass at 400 and 500 °C yields a crystalline, monochnic coating.

Sintering the films at 550 °C in air gives a distinct colour change from blue to yellow, 

but furthermore, distinct changes in the Raman spectra are observed. The peak at 

208 cm ’, which is characteristic of W O3.,., is no longer present, confirming the 

assumption that the yeUow films are fully oxidised W O 3. Also, the peaks corresponding 

to the crystalline phase of monochnic y-WO^ are much sharper and more intense, and 

this observation increases with increasing deposition temperature, even though the 

spectra are for sintered fihns. So, Raman spectroscopy has shown that sintering the 

blue films gives yeUow, crystahine, monochnic Y-WO3 .
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Figure 4.5 Raman spectra of films deposited from [W(OPh)^]. Spectra recorded 
for as-deposited, blue are shown in blue; spectra recorded for post
sintered, yellow WO 3  films are shown in orange.
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Films deposited from [W(OPh)J were also characterised by glancing angle X-ray 

diffraction, Figure 4.6. The pattern obtained from the blue film as-deposited at

300 °C indicates an amorphous material. This is in agreement with the analysis obtained 

by Raman spectroscopy. However, depositing WOj.^ at 400 or 500 °C has afforded 

diffractograms that coincide with the monoclinic phase y-WO .̂^  ̂ It is perhaps 

surprising that peaks due to reduced species such as WO^g,^ are not present. In fact, 

the XRD patterns are dominated by the Bragg reflections that correspond with the 

(0 2 0) and (0 4 0) planes; this arises because the crystallites within the film are not 

randomly orientated, but are preferentially orientated in the direction of the ( 0  2  0 ) 

plane. The phenomenon of preferred orientation is not uncommon, especially when the 

constraints of a thin film are imposed upon a material. Previously, tungsten trioxide 

coatings have been synthesised with different preferred orientations, including ( 2  0  

and ( 0  0

Sintering the amorphous, blue films at 550 °C in air induced crystaUinity to yield

randomly orientated yellow y-WOj films. This was also indicated by Raman 

spectroscopy. However, sintering the films that were deposited at 400 and 500 °C 

resulted in little change in the XRD patterns that were recorded. The diffractograms 

obtained from these films maintain the striking preferred orientation that was 

demonstrated by the blue as-deposited coatings. Yet, post-sintering there is a slight shift 

in the peaks to lower 20 , signifying a larger unit cell and a higher oxygen content. As 

noted in Chapter 1, the monochnic phase y-WO^ is regarded as being the most stable at 

room temperature.^

Whereas Raman spectroscopy indicated the presence of reduced tungsten species in the 

as-deposited blue fhms and an increase in crystaUinity after sintering, these observations 

are not apparent from the X-ray diffraction patterns. Thus, it appears that Raman 

spectroscopy is a more sensitive tool for analysing tungsten oxide coatings than glancing 

angle XRD.
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Figure 4.6 XRD patterns obtained from films deposited from [W (OPh)J. 
Patterns from as-deposited, blue WO^  ̂are shown in blue, and patterns from 
sintered, yellow WO^ films are shown in orange. Deposition temperature and a 
stick pattern for bulk powder are also indicated.
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The surface morpholog}' of the films was studied by scanning electron microscopy. The 

as-deposited blue WÔ _̂  coatings proved to have a surface which was very uniform and 

featureless. Hence, good qualit}' micrographs could not be obtained. However, this was 

not the case for the sintered yellow WO3 coatings, Figure 4.7. These films are 

composed of agglomerates of particles of diameter 100 -  400 nm. This formation of 

agglomerates upon heating at high temperatures agrees with the results obtained by 

Raman spectroscopy, which showed an increase in the order of cr} Stallinit}\ In addition, 

the thin film deposited at 500 °C is more porous than the film deposited at 400 °C. As 

discussed in Chapter 2, the differences in surface morpholog}’ are important when 

considering the functional properties of the coatings.

000003 25KV X22.0K 1.36un 000007 25KV X60.0K 500nm

Figure 4.7 Scanning electron micrographs of sintered yellow WO3 films 
deposited from W(OPh)6 at (a) 400 °C and (b) 500 °C.

Since the intended applicadon of these mngsten oxide coatings on glass is in the glazing 

industny the optical properties of the films are very important. Transmittance and 

reflectance spectra were recorded for all the films. The transmittance spectra of a blue 

as-deposited WO3 .,, and a yellow sintered WO 3 film deposited at a substrate temperamre 

of 400 °C are shown in Figure 4.8; the corresponding reflectance spectra are shown in 

Figure 4.9.
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Figure 4.8 Transmittance spectra for an as-deposited blue  ̂ film and a 
sintered yellow WO3 film deposited from [W(OPh)J at 400 °C.
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Figure 4.9 Reflectance spectra for an as-deposited blue film and a sintered
yellow WO3 film deposited from [W(OPh)J at 400 °C.

Wlicreas the reflectance spectra are comparable for the blue as-deposited and the yellow 

sintered films, the transmittance spectra, as expected, are markedly different. The blue 

W()3 _,_ State exhibits a low transmittance (< 30 "b) throughout the visible region, but the
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yellow WO 3  state exhibits a high transmittance (60 — 85 %) for the same wavelengths of 

light. This change in optical properties upon change in oxidation state is just as required 

for an electrochromic device.

Interference fringes are present in all of the spectra obtained, arising from interference 

between radiation that reflects from the glass and from the film. This phenomenon is 

very useful, since it allows the calculation of film thickness by the method described by 

Swanepoel.^^ Thus, deposition at 300 °C afforded a film of thickness 200 nm, at 400 °C 

a film of thickness 510 nm and at 500 °C a film of thickness 660 nm. Therefore, the 

film deposition rate was between ca. 5 and 20 nm min'% depending upon the substrate 

temperature. The increase of growth rate with substrate temperature is an indication 

that the rate of the CVD reaction is limited by the rate of the surface reaction, as 

opposed to being limited by the rate of mass transport.

The spectra for films deposited at 300 °C and 500°C follow the same form as the 

spectra for the films deposited at 400 °C, seen in Figure 4.8 and Figure 4.9. However, 

the thicker films allowed less transmittance and the thinner films showed greater 

reflectance.

UV/vis spectra for all the coatings are shown in Figure 4.10 and Figure 4.11. The as- 

deposited blue W0 3 _̂ films are very strongly absorbing in the near-UV below 400 nm 

and also in the visible region above 600 nm. This absorbance above 600 nm results in 

their blue colour. Sintering the films affords yellow WO 3 coatings that show very little 

absorption of the visible wavelengths of Hght. However, the absorbance maximum and 

band edge remain the same post-sintering. The thickness of the coating affects the 

absorbance spectrum: firstly increasing the film thickness increases the absorption at a 

particular wavelength, secondly increasing the film thickness shifts the band edge to 

higher wavelength. For the thickest films the onset of absorption is observed at 

400 nm.
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Figure 4.10 UV/vis spectra of as- 
deposited blue WÔ .̂  films deposited

Figure 4.11 UV/vis spectra of sintered 
yellow WO3 films deposited from

from [W(OPh)J at (a) 300 °C, (b) 400 °C [W(OPh),] at (a) 300 °C, (b) 400 °C 
and (c) 500 °C. and (c) 500 °C.

In summar}', the use of tungsten hexaphenoxide in AA(2\'D reactions has afforded blue 

WO3 thin films on glass substrates. Deposition at a temperature of 300 °C yielded 

amorphous fihns, whereas at 400 and 500 °C monoclinic y-WOj.,. coatings were 

deposited that exhibited preferred orientation along the (0 2 0) plane. Sintering the blue 

as-deposited films yielded materials that were yellow and of stoichiometry WO 3 . In 

addition, sintering the amorphous films that were deposited at 300 °C also induced 

crystalhnit}' to afford fihns of randomly orientated y-WO,. However, sintering the 

crystahine films that were deposited at 400 and 500 °C did not affect the (0 2 0) 

preferred orientation. The optical spectra obtained were dependent upon the fihn 

thickness. Nevertheless, a large difference in visible transmission between the blue and 

yeUow oxide states suggests that the fihns are suitable for use in smart windows. In 

addition, an absorption edge just below 400 nm suggests that the fihns may have some 

advantage over titania for the photocatalytic destruction of organic pollutants.
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4.3.2 Tungsten oxo salicylate complexes

The tungsten oxo salicylate complexes [{WO(' '̂ ''‘’'sali)Ĉ ‘' ' ’'saliH)}2 (|i-C))], 2 - Figure 

4.12, and 3 - Figure 4.13, f ' ' ’'saliH, = 3,5-di-OT-propyl

saHcyhc acid), were used as single-source precursors in AACVD reactions. The 

precursors (2, 0.32 g, 0.25 mmol; 3, 0.34 g, 0.5 mmol) were utilised as dichloromethane 

solutions (50 cm )̂.

Figure 4.12 
[{W0 (" " \a li)(" " \a liH )}2(li-0 ) ] ,2 .

'Pr-

HO

'Pr

Figure 4.13 
[WOC""''sali)(""\aliH)Cl],3.

Brown films were deposited from both precursors at a substrate temperature of 600 °C. 

The coatings could not be dislodged by wiping with a tissue, but they could be marked 

with a steel scalpel blade. Brown tungsten oxide films have previously been deposited 

by chemical vapour deposition;‘̂® this colour probably arises from high carbon 

contamination. Sintering the films at 550 °C for 30 minutes in air resulted in a colour 

change from brown to yellow, indicating a removal of carbon from the fihn.

Raman spectra were recorded for the films both as-deposited and post-sintering. Figure 

4.14. The spectra obtained from the as-deposited brown coatings are virtually identical 

for both the precursors 2 and 3, and show only a few ver}- broad low intensit)- peaks 

which correspond to monoclinic y-WO^. Interestingly, the peak just above 200 cm \  

corresponding to or cations, is not observed. This contrasts with the Raman 

spectra acquired from the films deposited from [W(OPh)J. Sintering the samples at 

550 °C in air affords spectra with much sharper, more intense peaks that can be 

identified as the monoclinic phase y-WO^. These spectra are very similar to those 

obtained from the sintered yellow y-WO^ coatings deposited from [W(OPh)J.
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However, in this instance the peak at 553 cm ‘ is much more pronounced and extremely 

broad.
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Figure 4.14 Raman spectra for tungsten oxide films deposited from
[{W O f "^sali)("‘-"" ŝaliH)}2(p-0 )], 2, and [WO("'-"'sali)("' "'\aliH)Cl], 3, both as-
deposited (blue) and post-sintering (orange).
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Coatings deposited from the tungsten salicylate complexes 2 and 3 were also 

characterised by glancing angle XRD, Figure 4.15. The as-deposited brown films 

afford diffraction patterns that are dominated by the (0 2 0) Bragg reflection of 

monoclinic y-WO^. Striking preferred orientation was also observed for films deposited 

from [W(OPh)j. On the other hand, diffraction patterns obtained from the sintered 

coatings indicate a randomly orientated film of y-WO^; this change iu the orientation of 

the film upon sintering was not observed for films deposited from tungsten 

hexaphenoxide.

It is not surprising that 2 and 3 have yielded such similar coatings, since the two 

compounds are very similar and probably decompose via similar mechanisms. In fact, 

looking at the coordination of the metal centre, the complexes only differ in one ligand: 

a bridging-oxo for 2 is replaced by a chloride Hgand in 3.
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Figure 4.15 X-ray diffraction patterns of tungsten oxide films deposited from 
[{W 0(“' ''’'sali)(‘‘' ''’'saliH)}2(H-0 )], 2, and [WO(“' "'’'saH)(‘“ "'’'saliH)CI], 3, both as- 
deposited (blue) and post-sintering (orange). A stick pattern for bulk y-WOj 
pattern is also shown.
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4.3.3 Tungsten dioxo complexes

The tungsten dioxo complexes [W0 2 (acac)2 ], 4 - Figure 4.16, [W0 2 (catH)2], 5 - Figure 

4.17, and [W0 2 (malt)2 ], 6 - Figure 4.18, were also used as single-source precursors for 

AACVD.

H HO,

Figure 4.16 W02(acac)2,4 Figure 4.17 W02(catH)2, 5 Figure 4.18 W02(malt)2, 6
(catH2=3,5-di-®u-catechol) (maltH = maltol)

At a substrate temperature of 600 °C, a solution of 4 (0.21 g, 0.5 mmol) in 

dichloromethane (50 cm )̂ yielded a blue coating. A film could not be deposited from 5 

at substrate temperatures up to 620 °C. However, at this temperature a solution of 

complex 6  (0.23 g, 0.5 mmol), also in dichloromethane (50 cm^), led to the deposition of 

a dark grey -  blue coating; presumably 5 requires a temperature in excess of 620 °C to 

decompose to tungsten oxide. The coatings deposited from 4 and 6 could not be 

dislodged by wiping with a tissue, but could be marked with a steel scalpel blade. Once 

again, sintering the blue films (WOj.J at 550 °C in air for thirty minutes afforded yellow 

films (WO)).

Raman spectra were recorded for the as-deposited and sintered thin films, and these are 

shown in Figure 4.19. As observed previously, the four most intense peaks at ca. 139, 

272, 714 and 804 cm '\ which correspond to monoclinic y-WO), are present. In 

addition, the bands are sharpest for the spectra recorded from the sintered, fully- 

oxidised coatings.
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Figure 4.19 Raman spectra for as-deposited blue films (shown in blue) and
sintered yellow WO3 films (shown in orange) deposited from 4 and 6 .
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X-ray diffraction patterns obtained from the films deposited from 4 and 6  are shown 

Figure 4.20. The as-deposited blue films afforded diffractograms that contain only 

peaks corresponding to the monoclinic phase y-WOj. Yet again, the extremely 

exaggerated preferred orientation along the (0 2 0) plane is observed. This preferred 

orientation has been observed for all of the as-deposited thin films reported in this 

chapter that have been crystalline. Hence, it appears that for a wide range of substrate 

temperatures (400 -  620 °C) the AACVD conditions are conducive to forming y-WO^ 

which is highly orientated in the direction of the ( 0  2  0 ) plane.

Post-sintering, diffractograms for the yellow y-WO^ thin films indicate a more random 

orientation of the crystallites within the fhms. This change in orientation was observed 

for fhms deposited from the saHcylate precursors 2 and 3, but not for those deposited 

from tungsten hexaphenoxide.
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Figure 4.20 X-ray diffraction patterns for films deposited from 4 and 6 . Patterns 
recorded for as-deposited blue films are shown in blue, those for sintered
yellow WO3  films are shown in orange.
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4.4 Conclusions

Thin films of tungsten oxide have been deposited on SiOg pre-coated glass substrates 

from AACVD reactions of a range of single-source precursors, as follows:

[W(OPh)j

[{W OC’"-^aH )f "-"'saliH)}2(|I-0)], 2

[WO(' '̂" '̂sali)(""- '̂sa]iH)Cl], 3 f-'-’̂ 'saliH  ̂= 3,5-di-fi^?-propyl salicylic acid)

[W02(acac)2], 4

[W0 2 (malt)2 ], 6  (maltH = maltol).

Tungsten hexaphenoxide was utihsed as a solution in acetone, whereas 2, 3, 4 and 6  

were used as dichloromethane solutions. Importantly, the solvent did not appear to 

affect the reactions.

Deposition from the salicylate precursors 2 and 3 at 600 °C yielded brown fihns of the 

monochnic phase y-WO^. Sometimes the use of metal coordination complexes as single- 

source precursors can lead to the incorporation of a high level of carbon within the 

material, and this appears to have occurred for 2 and 3. Since the coordination of the 

metal centre in these compounds is only different for one hgand (|l-oxo for 2  compared 

with chloride for 3), it is hkely that similar decomposition pathways will be followed. 

Hence, it is not surprising that these complexes have led to the deposition of such 

similar coatings.

On the other hand, tungsten hexaphenoxide and the dioxo complexes 4 and 6  led to the 

deposition of blue films of partially-reduced WOj,^. Deposition from [W(OPh)J at 

300 °C afforded an amorphous material, whereas deposition from [W(OPh)J at 400 and 

500 °C, from 4 at 600°C and from 6  at 620 °C yielded crystalline y-WO^_ .̂ Upon 

sintering in air at 550 °C for 30 minutes, aU of the coatings, including those deposited 

from 2 and 3, yielded yellow films of fully-oxidised y-WO^. The monochnic phase
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Y-WO3 is usually the most stable at room temperature/ As-deposited, across a large 

temperature range, all of the crystalline thin films have been shown by XRD to exhibit 

striking preferred orientation in the direction of the (0 2 0) plane. However, post

sintering, only coatings deposited from [W(OPh)g] maintained this orientation. These 

results are summarised in Table 4.1.

Table 4.1 Thin films deposited by AACVD reactions of single-source precursors

Precursor Deposition 
temperature / °C

Material
as-deposited

Material
post-sintering

[W(OPh)6] 3 0 0 blue amorphous-W 0 3 .x yellow Y-WO3 

random orientation

[W(OPh)6] 4 0 0 blue Y-WO3.X 

(0 2 0) preferred orientation

yellow Y-WO3 

(0 2 0) preferred orientation

[W(OPh)e] 5 0 0 blue Y-WO3.X 

(0 2 0) preferred orientation

yellow Y-WO3 

(0 2 0) preferred orientation

2 6 0 0 brown Y-tungsten oxide 

(0 2 0) preferred orientation

yellow Y-WO3 

random orientation

3 6 0 0 brown Y-tungsten oxide 

(0 2 0) preferred orientation

yellow Y-WO3 

random orientation

4 6 0 0 blue Y-WO3-X 

(0 2 0) preferred orientation

yellow Y-WO3 

random orientation

6 6 2 0 blue Y-WO3.X 

(0 2 0) preferred orientation

yellow Y-WO3 

random orientation

This chapter has shown that the choice of precursor and deposition temperature can 

directly affect the properties of the film. For example, films deposited from tungsten 

hexaphenoxide maiutamed the ( 0  2  0 ) preferred orientation post-sintering, whereas the 

other precursors afforded films of a more random orientation after this treatment. In 

addition, [W(OPh)J allowed deposition at a temperature low enough to yield
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amorphous coatings. Also for [W(OPh)g], performing the CVD reactions at higher 

temperatures appeared to increase the crystaUinity and porosity of the coatings. Hence, 

amorphous coatings that are potentiaUy more suitable for electrochromic devices can be 

deposited at 300 °C, and highly-crystalline porous coatings more suitable for 

photocatalytic appUcations can be deposited at 500 °C. The quaUty of the thin films was 

also dependent on the precursor: undesirable brown materials were obtained from the 

saUcylate complexes 2 and 3, whereas high quahty blue films were obtained from 

tungsten hexaphenoxide and the tungsten dioxo complexes 4 and 6 .

FinaUy, a comparison must be made with the thermal analysis of the precursors as 

described in Chapter 3. AU of the precursors utiUsed the aerosol deUvery technique, so 

comments on the volatiUty of the compounds cannot be verified. However, data 

obtained from thermal gravimetric analysis (TGA) is relevant to the deposition 

temperatures employed in this work. TGA of [W(OPh)J indicated that the bulk 

compound may have decomposed to WO 3  at 350 °C. In contrast, CVD of tungsten 

oxide thin films was possible from tungsten hexaphenoxide at 300 °C. This comparison 

demonstrates that TGA cannot be quantitatively reUed upon to predict decomposition 

temperatures of single-source precursors under CVD conditions.

SimUarly, TGA indicated that the tungsten saUcylate complexes 2 and 3 may have 

decomposed on a substrate at less than 500 °C to yield tungsten oxide. However, this 

was not the case: the precursors 2 and 3 required a substrate temperature of 600 °C to 

afford W O 3 . Thermal gravimetric analysis correctly indicated that the mngsten dioxo 

complexes 4 and 6  would require a temperamre in excess of 500 °C for the deposition 

of mngsten oxide.

In summary, mngsten trioxide thin films have been deposited from a range of 

conventionaUy designed single-source precursors at a range of temperamres. Both the 

precursor and the deposition temperamre have been shown to have an affect upon the 

properties of the coating. Chapter 5 discusses how the advantages of AACVD have 

been used to deposit mngsten oxide from some very different single-source precursors.
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4.5 Experim ental

4.5.1 Aerosol Assisted Chemical Vapour Deposition

Nitrogen (99.99%) was obtained by BOC and used as supplied. AACVD experiments 

were conducted on 150 mm x 45 mm x 4 mm pieces of SiOg coated float-glass using a 

horizontal-bed cold-wall AACVD reactor. The glass was cleaned prior to use by 

washing with petroleum ether (40-60 °C) and industrial methylated spirit and then dried 

in air. A graphite block containing a Whatman cartridge heater was used to heat the 

glass substrate. The temperature of the substrate was monitored by a Pt-Rh 

thermocouple. Measurements indicated that temperature gradients of less than 25 °C at 

500 °C were noted across the glass substrates. All gas handling lines were made of 

polyurethane and were 1  cm internal diameter except for the exhaust line from the 

apparatus that was 2 cm internal diameter and made of stainless steel. The precursor 

was dissolved in 50 cm  ̂ of a suitable solvent - [W(OPh)J; acetone; 2, 3 , 4  and 6: 

dichloromethane - and an aerosol was generated at room temperature by use of a 

PIFCO air humidifler. Nitrogen was passed through the aerosol mist, thus forcing the 

aerosol droplets encapsulated with precursor into the reactor chamber. All CVD 

experiments were performed with a nitrogen flow of 1 dm  ̂min k The exhaust from the 

reactor was vented directly into the extraction system of a fume cupboard. The coater 

chamber was heated at a rate of 11 °C min^ under a flow of nitrogen. Deposition 

experiments were conducted by heating the horizontal bed reactor to the required 

temperatures before diverting the nitrogen Une through the aerosol and hence to the 

reactor. Deposition experiments were carried out until aU of the precursor solution had 

been used, typically 30 minutes. At the end of the deposition the aerosol line was closed 

and only nitrogen passed over the substrate. The glass substrate was allowed to cool 

with the graphite block to less than 150 °C before it was removed. Coated substrates 

were handled and stored in air. The large coated glass sample was broken up into ca. 

1 cm X 1 cm squares for subsequent analysis by XPS, SEM, transmission /  reflectance 

and UV absorption studies. Large pieces of glass (ca 4 cm x 2 cm) were used for X-ray 

powder diffraction. Annealing studies were performed by heating the coated glass 

within a tube furnace at 550 °C for 30 minutes in air.
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4.5.2 Film Analysis Methods

X-ray powder diffraction patterns were measured on a Siemens D5000 diffractometer 

using monochromated CuKai radiation (k — 1.5406 A) in the reflection mode using 

glancing angle incidence (1.5 °). SEM was obtained on a Hitachi S570 instrument using 

the KEVEX system. X-ray photoelectron spectra were recorded with a VG ESCALAB 

2 2 0 i XL instrument using focussed (300 pm spot) monochromatic Al-K(x radiation at a 

pass energy of 20 eV. Scans were acquired with steps of 50 meV. A flood gun was used 

to control charging and the binding energies were referenced to an adventitious C Is 

peak at 284.6 eV. UV-vis spectra were recorded in the range 200 -1000 nm using a 

Helios single beam instrument. Reflectance and transmittance spectra were recorded 

between 300 and 1100 nm by a Zeiss miniature spectrometer. Measurements were 

standardised relative to a rhodium mirror (reflectance) and air (transmittance). Raman 

spectra were acquired on a Renishaw Raman System 1000 using a heUum-neon laser of 

wavelength 632.8 nm. The Raman system was calibrated against the emission Hnes of 

neon. Hardness scratch tests were conducted with a stainless steel scalpel.
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Chapter 5 Polyoxometalates as single-source 

precursors for the CVD of thin fiims

5.1 Introduction

Chapter 4 described the chemical vapour deposition of tungsten oxide thin films from a 

range of conventionally designed single-source precursors. This conventional design 

required the precursors to be volatile, so that they could be thermally vaporised and 

transported to the CVD reactor in the gaseous state. However, some of the precursors 

failed to meet this requirement, so all the precursors were vaporised by an aerosol 

assisted method. Despite the ease with which AACVD can be performed, there appear 

to be no reports in the literature where single-source precursors are designed to take full 

advantage of this technique; the AACVD approach is generally only employed to 

precursors that fail the volatility requirements, rather than being designed in their own 

right. Necessarily, a single-source CVD precursor must always decompose to afford the 

desired material, but if the precursor is vaporised by an aerosol method, the only other 

requirement is that it is soluble in a suitable solvent. Hence, the single-source precursor 

does not have to be small, neutral and monomeric, but could be large, charged and 

oligomeric, as long as it is soluble. This chapter describes the chemical vapour 

deposition of tungsten oxide thin films from polyoxotungstate precursors, entirely 

unconventional CVD precursors.

5.2 Background to polyoxom etalates

It has been known since the nineteenth cenmry that certain early transition metals in 

their highest oxidation states can form metal oxygen cluster anions, in particular the 

metals vanadium, molybdenum and tungsten and to a lesser extent niobium and 

tantalum. Clusters that contain only one type of metal and oxygen are known as 

isopolyanions or is op oly oxometalates, those containing other elements are known as 

heteropolyanions or heteropolyoxometalates.
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Most polyoxometalates have been prepared by varying the pH of an aqueous solution; 

two examples are shown in Equation 5.1 and Equation 5.2/^ However, the use of 

tetraalkylammonium cations has allowed synthesis in aprotic media by methods such as 

alkoxide h y d r o l y s i s , Equation 5.3 and Equation 5.4, offering a systematic 

approach to polyoxometalate synthesis.

8 H* + 7  [WOJ^- [W7024]®' + 4 H2 O Equation 5.f^

23H* + [HP0 4 f  1 2 [Mo0 4 f [PMOi2 0 4 o]̂ ‘ + 12 H2 O Equation 5.2̂ ^

[W0 4 ^ 1  + 5 [WO(OMe)4 ] + 10 H2 O [WeOig] '̂ + 20 MeOH Equation 5.3’°’

3 [W0 4 ^ 1  + 7 [W0(0Me)4] 
+ 2[Ti(0Me)4] + 17H20

2 [(Me0)TiW50i9]^‘ 
+ 34 MeOH

Equation 5.4’°’

Polyoxometalates have structures that are related to those of metal oxides. For

example, polyoxomolybdates and tungstates are composed of corner- and edge-sharing 

MOg octahedra. Over the past two decades there has been a resurgence in the 

chemistry of polyoxoanions, partly because improved analytical instrumentation has 

allowed the routine characterisation of these structures by techniques such as metal and 

NMR spect roscopy^and X-ray diffraction. Some common structures of 

polyoxometalates are discussed in Section 5.3.

A number of excellent reviews have been published on subject of polyoxometalate 

chemistry.^^’̂ °̂ ’’°'̂  These give comprehensive guides to the syntheses and structures of 

an enormous range of iso- and heteropolyanions. In addition, the potential applications 

of polyoxometalates are described. These include analytical and clinical chemistry, 

catalysis and photocatalysis, solid state devices and antitumoral, antiviral and anti-HIV 

activity.

5.3 Synthesis o f polyoxom etalate single-source precursors

Three polyoxometalates were chosen as candidates for single-source precursors: 

7, [^^u^N]4H3 [PW]]O3 Ç,], 8  and [ ' ^u^N] ^[PNb]Ô ,̂], 9. They were 

synthesised by literature procedures as detailed in Equation 5.5, Equation 5.6 and 

Equation 5.7. The polyoxometalates 7, 8  and 9 are stable in air and water, and only the
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preparation of [Nb()Cl3 .2 MeCN], which was used in the synthesis of 9, was performed 

in an inert atmosphere. All of the polyoxoanions have been isolated as their 

tetrabut}^lammonium salts, rendering them soluble in aprotic solvents that are more 

suitable for aerosol assisted CVD.

6 N32W04 + 10 HCI + 2 "Bu4NBr ^ rBu4N]2[W60i9] (7)
+ 10 NaCI + 2 NaBr + 5 

H2 O

Equation 5.5 105

N a 2 H P 0 4  +  11 N a 2 W 0 4  

+ 20 HCI + 4 "Bu4NBr
^  ["BuiNl^HslPWiiOjg] (8 ) Equation 5.6“  

+ 20  NaCI + 4NaBr + OHgO

NbOCb + rBu4N]4H3[PW„039] ^ ["Bu4N]4[PNbW„04o] (9) Equation 5.7“  
+ 3 HCI

Compound 7, Figure 5.1, belongs to a family of polyoxometalate structures that consist 

of a neutral cage encapsulating one or more formally anionic sub-units. Thus, 7

consists of a cage encapsulating an (C anion. The cage comprises six

|W()]^ units occupying the vertices of an octahedron and twelve units bridging the 

edges of the octahedron. Therefore, each W(\d) cation forms four single bonds to 

bridging oxo Ugands and one double bond to a terminal oxo ligand. Since all of the 

tungsten cations have a d̂ ’ electron configuration, the anion is held together only by W- 

() interactions, with no metal-metal bonds.

Figure 5.1 Structural representation*”̂ of the anion of 7, [Ŵ Ô q] ̂ . Tungsten 
atoms are shown in green and oxygen atoms in red.
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The structures of 8  and 9, Figure 5.2, are derived from the Keggin anion .

Thus, the Keggin anion can be regarded as a neutral cage - - that

encapsulates an moiet}% Removing one unit from the parent Keggin

structure affords the lacunar}" (deficient) species ( 8  if X = P and M = W).

Compound 9 is generated by the addition of a [NbO]^" fragment into the lacunar}- 

compound.

[WO]""" 
"+ [NbO]^"'

"+ NbO

Figure 5.2 Structural representations illustrating how (a) the Keggin anion, 
[PWi204o]̂ ', (b) the lacunary anion [PWî Ô g]̂ ', 8, and (c) the mixed-metal 
polyanion [PNhW^O^Q] ,̂ 9, relate to each o t h e r . T u n g s t e n  atoms are shown 
in green, oxygen in red, phosphorus in yellow and niobium in blue.

As stated in Section 5.1, two criteria must be met by a precursor for .C\CVD: firstly, the 

precursor must be soluble, preferably in an aprotic solvent; secondly, the precursor must 

decompose to yield the desired product. Since they have been synthesised as the 

tetrabut}dammonium salts, the polyoxometalates 7 and 8  are soluble in acetone, and 9 is 

soluble in acetonitrile. In order to judge the second criterion, thermal gravimetric 

analysis (TGA) was performed for the polyoxometalates, as shown in Figure 5.3, 

Figure 5.4 and Figure 5.5.

102



Chapter 5 Polyoxometalates as singie-soime precursors for the C l ' D  of thin films

1 0 0

(A
(AroS

70 4—,—  

0 50 100 150 200 250 300 350 400 450 500

Temperature I °C

Figure 5.3 Thermal Gravimetric Analysis of ["Bu_^N]2[W60,g], 7.

The hexatungstate salt, |"Bu,N|2 |W(,0 ,g|, 7, decomposes in one clean step between 350 

and 400 °C with an obsereed mass loss of 25 %. This mass loss is consistent with that 

calculated for the decomposition of the cation to afford six WO 3  fragments (26.5 %), 

suggesting that at temperatures above 400 °(i the AACiVTO reaction of 7 will deposit 

WO3 .

Unlike 7, the lacunary compound 8  decomposes in two steps, the first between 190 and 

330 °C and the second between 330 and 460 °C. The total mass loss observ ed during 

this temperature range (28.3 %) is consistent with that calculated for the decomposition 

of 8  to yield 11 WO, and V2  (28.2  ̂0 ), suggesting that the AACVD reaction of 8

might deposit ITO, doped WO, above 460 °C.
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Figure 5.4 Thermal Gravimetric Analysis of ["Bu4N ]4H 3[PWn03ç,], 8.
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Figure 5.5 Thermal Gravimetric Analysis of ["BU4N ]4[PNhWuO^o], 9.

The decomposition of the heteropolyanion 9 is ver\- similar to that of the lacunar}' 

complex from which it is derived. It also decomposes via two steps, the first between 

290 and 350 °C and the second between 350 and 430 °C. Thus, it appears stable to
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higher temperatures than 8 , but decomposes fully at a lower temperature than 8 . The 

total observed mass loss (25.1 %) is consistent with the decomposition products being 

11 WO 3 , V2  P2 O 5 and V2  Nb^Og (equivalent to a mass loss of 26.7 %).

Hence, the polyoxometalate salts 7, 8  and 9 appear to undergo decomposition reactions 

to afford WO 3 between 400 and 460 °C. Therefore, they satisfy the second criterion of 

a single-source precursor: they decompose to form the desired product. In addition, the 

heteropolyanions 8  and 9 appear to yield decomposition products containing the hetero

oxides.

The research discussed in Chapter 4 has demonstrated how the use of different 

precursors can lead to the deposition of thin films with different structures and 

properties. Likewise, doping heteroatoms into a material can often alter its properties. 

Single-source precursors are often designed for the deposition of heterometaUic films, 

but their synthesis is often demanding. However, the chemical literature details an 

immense range of polyoxometalates that contain heteroatoms within the structure in a 

variety of atomically precise stoichiometries. Therefore, heteropolyanions appear ideal 

as single source precursors for doped and mixed metal oxide films.

5.4 AACVD o f tungsten oxide films from polyoxom etalates

The experimental details of the aerosol assisted chemical vapour deposition reactions 

were identical to those described in Chapter 4. For all of the reactions 0.25 g of the 

polyoxotungstate precursor were dissolved in 50 cm  ̂ of either acetone (7 and 8) or 

acetonitrile (9). Firstly, Section 5.4.1 describes AACVD reactions of 7 and 8, where the 

single-source precursor contains only one metal. Section 5.4.2 details the application of 

the heterometaUic precursor 9.

5.4.1 AACVD of tungsten oxide films from 7 and 8

Coatings were obtained on glass substrates pre-coated with Si0 2  at a minimum 

deposition temperature of 410 °C for 7 and 480 °C for 8. However, the coating was 

always deposited on a substrate placed where the quartz top plate should have been, and 

never where the glass is conventionaUy placed. Figure 5.6. At first it was thought that
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this might be a turbulence effect, but altering the carrier gas flow rate between 0.3 — 3 

clm̂  min ' had no affect upon the location of film deposition. This result is ver\- 

surprising, and may arise from either the charge on the precursor or its high molecular 

mass.

quartz tube

from bubbler
I

precursor /  solvent mist 
Nz carrier gas

baffle

FOR POLYOXOM ETALATES:
deposition always occured here 
deposition never occured here

to exhaust

heated graphite block

un reacted material 
by-products 

carrier gas

Figure 5.6 A schematic diagram of the CVD reactor showing the location of 
deposition for polyoxometalate single-source precursors

The as-deposited films obtained from both 7 and 8  were blue and hazy. Small sections 

of the films deposited from 7 and larger sections of the films deposited from 8  could be 

wiped from the substrate with a soft tissue, but the coating showed good adherence in 

the centre of the substrate. All of the films could be scratched with a steel scalpel blade. 

The blue colour of the as-deposited films is indicative of the partially-reduced

stoichiometry W( The deposition of blue thin films has been discussed in

(ihapter 4. Sintering the fihns in air at 550 °C for thirty minutes yielded the fully

oxidised WO 3 state, which is yellow.

Films deposited from 8  were analysed by X-ray photoelectron spectroscopy. The 

carbon content of the as-deposited blue film was less than 4 %, and that of the sintered 

yellow film less than 0.5 %. The surface of the sintered yellow film exhibits tungsten 

peaks corresponding only to environments, with peaks at binding energies of 36.0 

and 38.2 corresponding to the W 4f̂ ŷ  W 4fg/2 photoelectrons. Figure 5.7. An O ls

peak is present at a binding energy of 531.1 eV. These tungsten and oxygen chemical 

shifts are consistent with W O 3, as described by previous literature r e p o r t s a n d  for 

WO 3 films deposited from [W(OPh)J (see Chapter 4). Phosphorous is present in the 

film, with the P 2p peak occurring at 134.4 eV; this chemical shift lies between those 

previously reported for P^Og (135.2 c\^ and several phosphate compounds (Na^HPO^, 

133.1 eV; Na3 PO^, 132.3 eV; AIPO4 , 132.9 The ratio of tungsten to phosphorus

was found to be 1 1 :1 , the same ratio as in the precursor.
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Figure 5.7 X-ray photoelectron spectrum showing the W 4f peaks for a sintered 
yellow film deposited from 8 . Experimental data are shown in orange, fitted 
peaks corresponding to are shown in black; the sum of the fitted peaks is 
shown by the broken red line.
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Figure 5.8 X-ray photoelectron spectrum showing the W 4f peaks for a blue film 
as-deposited from 8 . Experimental data are shown in dark blue, fitted peaks 
corresponding to in black and W"*" or in light blue; the sum of the fitted 
peaks is shown by the broken red line.

The spectrum of the as-deposited blue film also exhibits environments that

correspond with tungsten trioxide, with W 4T  ̂and W df̂ ŷ  peaks at binding energies of
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36.0 and 38.0 eV respectively, Figure 5.8. A shoulder to the double peak, on the low 

binding energy side, indicates the presence of or c a t i o n s , a n d  is further 

evidence for the stoichiometry. The oxygen Is peak was observed at 531.3,

which is consistent with tungsten trioxide. Phosphorous was present in the film, with 

the P 2p peak at a binding energy of 134.0 eV; as for the sintered film, this is in-between 

the binding energy previously observed for P 2 O 5  (135.2 eV) and those observed for a 

range of phosphate compounds (Na2 HP 0 4 , 133.1 eV; Na^PO^, 132.3 eV; A IP O 4 , 132.9 

eV). The W:P ratio was 9:1, slightly lower than the ratio found in the sintered film. 

However, the P 2p peak has a small area that is difficult to accurately quantify. Thus, 

this 9:1 ratio is representative of an approximate retention of the W:P ratio from the 

precursor to the film.

Therefore, using [TU4 N]4 [ P N b ^  O 4Q], 8 , as a single-source precursor has yielded 

tungsten oxide thin films doped with phosphorus. XPS has confirmed that blue 

coatings as-deposited from 8  contain some reduced tungsten cations, whereas sintered 

yellow films contain tungsten only in its + 6  oxidation state. The tungsten to 

phosphorus ratio was approximately the same in the film as it was in the precursor. 

This demonstration of highly controlled doping has important implications for the use 

of polyoxoanions as single-source precursors in chemical vapour deposition.

As shown in Chapter 4, Raman spectroscopy has proved to be a powerful tool for the 

analysis of tungsten oxide thin films. Raman spectra were recorded for fRms deposited 

from 7 and 8 and are shown in Figure 5.9. The spectra obtained from the as-deposited 

and sintered WO 3  coatings contain peaks at or near to 804, 708, 268 and 

133 cm % corresponding with the monocHnic phase y-WOj.^® As discussed in Chapter 4, 

the two peaks at 804 and 708 cm^ arise from W'^^-O stretching modes, whereas the two 

peaks at 268 and 133 cm'  ̂ arise from bending modes. For the film as-

deposited from 7, a vibrational mode is observed at 192 cm ’ that has been assigned to 

either or species;’̂ ’*̂ this confirms the reduced stoichiometry (WOj.J of the 

film. However, this peak is not observed for the blue film as-deposited from 8 , even 

though reduced tungsten cations were identified by XPS. In addition to the peaks 

arising from y-WO^, the spectrum for the film as-deposited from 8  exhibits peaks at 

998, 910, 520, 388 and 323 cm ’, presumably due to P-O or W-O-P vibrations. The 

band at 998 cm ’ is the only one of these that is obvious once this film has been
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sintered, and is of a similar wavelength to the symmetric stretching mode observ ed for 

phosphate (988 cm ') in KTiOPO^ cn stals.

804

268
708

133

998

910

(/)c
Bc

192

0 100 200 300 400 500 600 700 800 900 1000 1100

Wavenumber / cm -1

Figure 5.9 Raman spectra of as-deposited (shown in blue) and sintered (shown 
in orange) tungsten oxide films deposited from 7 and 8.
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Glancing angle X-ray diffraction patterns obtained from the tungsten oxide films 

deposited from 7 and 8 are shown in Figure 5.10. As has been observed throughout 

this research, the CVD reaction of 7 has afforded a film which as-deposited gives rise to 

an XRD pattern dominated by the (0 2 0) reflection of y-WO ,̂^  ̂ indicating extreme 

preferred orientation. Sintering the film affords a diffractogram that is characteristic of 

a more randomly orientated y-WO^ material. This reorientation after sintering has been 

observed throughout this work, except for films deposited from [W(OPh) j .

In contrast, the as-deposited blue tungsten oxide film obtained from the CVD reaction 

of 8  afforded a diffraction pattern that contains no peaks corresponding to y-WO^. 

This is an unexpected result, since this phase was observed by Raman spectroscopy. 

However, the diffraction pattern contains two new very broad peaks at 21.50 and 

26.44 °. Upon sintering, these peaks shift to lower 20 {ca. 21.2 and 25.9 °), and Bragg 

reflections appear that correspond to a random orientation of the expected y-WO^ 

phase. Since y-WOj is only observed post-sintering, it is likely that the material consists 

of two phases (or perhaps more): one that is y-WO^, and another that has broad or 

overlapping peaks at ca. 21.2 - 21.5 ° and 25.9 - 26.4 °. These additional reflections do 

not match with a phase of tungsten trioxide, or with P 2 O 5 . However, a match is 

obtained with the tungsten oxide phosphate W2 0 3 (P0 4 )2 , which has a monochnic 

polymorph^®  ̂ that gives rise to a diffraction pattern with its most intense peaks in two 

sets at 21.4 and 21.6 ° and 25.3, 25.4 and 25.8 °. Therefore, it is likely that the AACVD 

reaction of 8  has yielded a material comprising the phases y-WO^ and W2 0 3 (P0 4 )2 , 

probably in a 1:22 ratio (as determined by XPS). It is not surprising for this phase to be 

a product of the reaction, since the structure of ^ i s  built up from PO 4  

tetrahedra and octahedra,^identical to the phosphorus and tungsten

coordination environments found in the precursor molecule. In addition, XPS and 

Raman data have also suggested that phosphate may be present in the coatings.
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Figure 5.10 X-ray diffraction patterns of as-deposited (shown in blue) and 
sintered (shown in orange) tungsten oxide films deposited from 7 and 8. A stick 
pattern for bulk y-WOj powder is also indicated.
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Figure 5.11 Scanning electron micrographs of as-deposited, blue WO  ̂  ̂films 
deposited from (a) 7, and (b) ["Bu,N],H,[PW;iO,g], 8 .

Scanning electron micrographs of the as-deposited coatings obtained from AAC2VD 

reactions of 7 and 8  are shown in Figure 5.11. The surface morpholog}- of the films is 

very different: deposition from 7 has afforded a material that is composed of 

agglomerates of cr} staliites up to 2  pm in diameter; in contrast, deposition from 8  has 

yielded a coating composed of needles and platelets up to 1 pm in length

Flectronic absorption spectra were recorded for the sintered, yellow WO^ thin films 

deposited from 7 and 8 , Figure 5.12. The coating deposited from the heteropolyanion, 

8 , shows higher absorbance through the visible region than the film deposited from the 

isopolyanion, 7, but this is probably caused by a difference in film thickness. The 

absorption edge for the two coatings is almost identical, with an onset of absorption at 

ca. 350 nm.
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Figure 5.12 UV/vis spectra of sintered yellow WO3 films deposited from (a)
[ 'Bu,N],[W,0,,j, 7, and (b) 8.

In summar\% tungsten oxide films on glass substrates have been deposited by aerosol 

assisted ClVD reactions of the isopolyanion 7 and the heteropolyanion

|'Bu,N|,H3|PW„0 3 ,j ,8 .

(boatings as-deposited from 7 were blue, having the partially reduced stoichiometry 

WO ,̂,.. Sintering the blue coatings at 550 °C in air for 30 minutes afforded a yellow 

material of fully oxidised stoichiometn^ WO 3 . Analysis by Raman spectroscopy 

indicates that the as-deposited and sintered films have the structure of the monoclinic 

phase, y-tungsten oxide. Glancing angle X-ray diffraction patterns for the as-deposited 

films exhibit only the ( 0  2  0 ) reflection of y-WOj, indicating striking preferred 

orientation. However, the sintered yellow films give diffraction patterns that are more 

consistent with a random orientation of y-WOj.

AAC\ D reactions of the heteropolyamon ['"Bu^N]^H3 [PW,,0 3 ç,], 8 , yielded films of a 

different form. As expected, the films as-deposited were blue and post-sintering were 

yellow. The X-rav photoelectron spectrum of an as-deposited film contains tungsten 

peaks that are consistent with WOj,,,. In addition, phosphorus was shown to be present 

in the film in approximately the same ratio to tungsten as in the precursor. Raman
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spectra of the films indicated that the expected phase Y-WO3 had been formed, but 

some additional vibrational bands were present that may correspond with phosphate. 

Surprisingly, X-ray diffraction patterns recorded for the as-deposited blue films 

contained no peaks corresponding with y-WOj, but peaks corresponding with 

were identified. The diffraction pattern obtained from the sintered yellow 

film contained Bragg reflections characteristic of a mixture of randomly orientated y- 

WO 3  and W2 0 3 (P0 J 2 . Thus, it appears that AACVD reactions of the heteropolyanion 8  

have led to the deposition of a doped thin film of composition W 2 0 3 (P 0 4 )2 .2 2  W O 3.

5.4.2 AACVD of tungsten oxide films from 9

AACVD reactions of the heterometaUic precursor [PNbW^ ̂ , 9, led to the

deposition of dark blue powdery films on glass substrates at 480 °C. The coatings 

showed poor adhesion, and could be removed by wiping with a paper tissue. After 

standing overnight in air, the centre of the films became brown. Hence, the fUms were 

analysed in two parts, as foUows: 9(a) refers to the centre of the fUm, which was brown 

and remained brown post-sintering in ait at 550 °C for 30 minutes; 9(b) refers to the 

film on the outside of the substrate, which was blue and became yeUow post-sintering 

under the same conditions. The colour changes for film 9(b) were consistent with 

those observed for the majority of the films discussed in this thesis, and are as expected 

for tungsten trioxide. Brown tungsten oxide coatings have only been observed herein 

when deposition has been from either of the tungsten(VI) oxo salicylate complexes 

[{W0C‘''*saU)C‘' ' ’’'saliH)}j(n-0)], 2, or [WOC'"'"sa]i)C'"'''saliH)Cl], 3, (^"'''saliH; = 3,5- 

di-fro-propyl salicylic acid), with the brown colour being attributed to carbon 

contamination. However, sintering these fUms yielded yeUow materials, presumably 

removing the carbon contamination. Since the fUm 9(a) maintained its brown colour 

post-sintering, it is unlikely that the colour originates from carbon contamination.

The two sections of the fUm were analysed by X-ray photoelectron spectroscopy; peaks 

corresponding with tungsten cations are shown in Figure 5.13, peaks arising from 

niobium are shown in Figure 5.14.
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Figure 5.13 X-ray photoelectron spectra showing the W 4f peaks for the as- 
deposited film sections 9(a) and 9(b) deposited from ["Bu^N]_^[PNbW^i0^o], 9. 
Experim ental data are shown in dark blue, fitted peaks corresponding to in 
black and or in light blue; the sum of the fitted peaks is shown by the 
broken red line.
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Figure 5.14 X-ray photoelectron spectra showing the Nb 3d peaks for the as- 
deposited film sections 9(a) and 9(b) deposited from ["Bu^N]^[PNbW^i0^o], 9. 
Experimental data are shown in dark blue and fitted peaks in black; the sum of 
the fitted peaks is shown by the broken red line.

The brown middle section of the film, 9(a), afforded X-ray photoelectron spectra with 

W4 f; / 2  and df̂ ŷ  peaks at binding energies of 34.7 and 36.9 eV respectively. An Ols 

peak was present at 530.4 eV. These peak positions in agreement with the positions 

obsen ed for other WO, fihns described in this thesis, and with literature r e p o r t s . A
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shoulder to the low binding energy side of the W 4f doublet (centred at ca. 32.7 eV) 

indicates the presence of or cations, and a reduced film stoichiometry of 

WOg_,̂ . In addition, the film was shown to contain phosphorus and niobium, with the 

P 2p peak at a binding energy of 132.4 eV and peaks arising from Nb 3 dg/ 2  and 3 d3 / 2  at 

206.4 and 209.2 eV respectively. The chemical shift of the P 2p peak is closer to those 

previously observed for a range of phosphate compounds (NagHPO^, 133.1 eV; 

Na^PO^, 132.3 eV; A IP O 4 , 132.9 eV) than for P2O5 (135.2 eV). °̂  ̂ The position of the 

Nb 3 dg/ 2  peak is between the previously reported binding energies for NbOg (205.7 eV) 

and Nb 2 0 g (207.6 eV).’°̂  The ratio W:P was calculated to be 8:1, whereas the ratio for 

W:Nb was calculated to be 12:1. As described for X-ray photoelectron spectra obtained 

from films deposited from 8 , the area of the P 2p peak is difficult to accurately quantify. 

Thus, these approximate ratios can be taken as partial evidence for the retention of the 

tungsten to heteroatom ratio from the precursor to the film.

The blue outside section of the film, 9(b), gave rise to X-ray photoelectron spectra very 

similar to those recorded for 9(a). Peaks corresponding with W 4 fy/ 2  4 fg/ 2  

photoelectrons were observed at 35.9 and 38.0 eV, with a shoulder centred at 33.7 eV 

indicating the presence of or cations and the reduced stoichiometry 

Additionally, the O ls  peak at 531.2 eV is in agreement with the material being tungsten 

t r i o x i d e . T h e  P 2p peak was observed at 134.4 eV, closer to the chemical shift of 

P 2 O 5 than the shift observed for 9(a). Nb 3 d5 / 2  and 3 d3 / 2  peaks were observed at 207.3 

and 209.9 eV respectively; whereas 9(a) afforded niobium peaks in-between those 

expected for Nb 0 2  and Nb 2 0 5 , these are more consistent with Nb 2 0 g. The W:P ratio 

was determined to be 9:1, and the W:Nb ratio was calculated as ca. 11:1.

Therefore, X-ray photoelectron spectroscopy has indicated that the heteropolyanion 9 

has led to the CVD of niobium-phosphorus doped tungsten oxide thin fihns. Both 

sections of the film, 9(a) and 9(b), appear very similar. Firstly, both contain and a 

small amount of reduced tungsten cations, indicating the partially-reduced stoichiometry 

of W 0 3 _̂. Secondly, both contain only one chemical environment of niobium, and 

exhibit an almost identical W:Nb ratio, which is approximately retained from the 

precursor to the film.
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Raman spectra were recorded for the two sections of the film as-deposited and post

sintering, Figure 5.15. Three peaks that correspond with the expected phase y-WOj are 

present in all of the spectra, at 133, 274 and 540 cm \  but the most intense peaks for 

this phase, at 715 and 807 cm % are absent. Both sections of the coating produced 

spectra containing additional peaks at 216 and 331 cm \  In addition, the film 9(b) 

afforded spectra that contain small peaks at 236, 908 and 992 cm '\ and intense peaks at 

712 an 792 cm \  It is likely that these intense peaks correspond to a shift of the peaks 

expected for y-WOj at 715 and 807 cm % caused by the niobium and phosphorus 

dopants in the film. Similarly, the spectra recorded for the film 9(a) contain small peaks 

at 402, 926, 946 and 981 cm ’ and two intense peaks at 692 and 877 cm ’. It is unlikely 

that these intense peaks also correspond to a shift of the peaks expected for Y-WO3  at 

715 and 807 cm ’, because now the shift is much larger. The N- and H-polymorphs of 

Nb 2 0 s give rise to medium intensity Raman bands”” at ca. 883 and 670 cm ’, but they 

also give rise to a more intense band at 995 cm ’ (which is absent here) indicating that 

9(a) does not contain discrete phases of niobium pentoxide. Nevertheless, these peaks 

at 877 and 692 cm ’ are consistent with the presence of Nb-O-Nb stretching 

vibrations,” ”’” ’’”  ̂which may be dominating the Raman spectra over more abundant but 

less intense W-O-W stretching modes.

More succinctly, the film section 9(b) gives rise to Raman spectra largely consistent with 

y-WOj, although some of the peaks are sHghtly shifted and additional peaks are present, 

due to the doping of the film with phosphorus and niobium species. The film 9(a) 

gives rise to Raman spectra that are dominated by what appear to be Nb-O-Nb 

stretching bands, obscuring any WO 3  peaks.
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Figure 5.15 Raman spectra for as-deposited (shown in blue) and sintered (shown 
in orange) tungsten oxide films deposited from [''Bu^N] ̂  [PNbWiiO^o], 9. Peaks 
that are present and expected for y-WOj are indicated by solid black lines; 
additional peaks present for both sections of the film are shown by broken pink 
lines; broken red lines depict vibrational bands only present in 9(a); broken 
green lines depict vibrational bands only present in 9(b).
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Figure 5.16 X-ray diffraction patterns of as-deposited (blue) and sintered 
(orange) tungsten oxide films deposited from [^Bu^N]^[PNbWi;0^o], 9. A stick 
pattern for bulk ŷ WÔ  powder is also indicated.
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Glancing angle X-ray diffraction patterns were recorded for the films deposited from 

the heteropolyanion 9, Figure 5.16. The centre section of the film, 9(a), proved to be 

crystalline as-deposited, whereas the outside section, 9(b), was amorphous. The 

diffractograms obtained from both 9(a) and 9(b) after sintering, and from 9(a) as- 

deposited, are almost identical. All of these crystalline diffraction patterns contain peaks 

that arise from the expected phase y-WOj. However, for all of the precursors used until 

now, striking preferred orientation has been observed in the films as-deposited. This is 

not the case for 9, which has led to the deposition of randomly orientated y-WO^.

Besides the Bragg reflections that correspond with y-WOj, additional reflections can be 

identified in the patterns obtained from 9(a) and from 9(b) post-sintering. In 

particular, a small, broad peak is present at ca. 25.9 ° that corresponds with the 

^ p h a s e  identified from the CVD of 8 . Additionally, one very intense peak, 

at ca. 30.3 °, is present in all of these diffraction patterns.

The phase relationships in the system NbgOg — WO 3 have been thoroughly investigated 

by Roth and Waring,"^ who identified twelve stable compounds from the solid-state 

reaction of the two oxides at 1000 °C. Single crystal diffraction analyses allowed the 

determination of exact NbgOgiWOg ratios for eight of these compounds: 6:1, 13:4, 7:3, 

8:5, 9:8, 1:1, 4:9 and 2:7. The remaining four compounds were shown to have 

approximate Nb 2 0 5 :W0 3  ratios of 30:1, 6:11, 1:11 and 1:15. In addition, it was found 

that a solid solution was possible for up to 3 % NbgOg in W O 3. However, later research 

by Yamada et al}^  ̂ has reported the preparation of metastable solid solutions up to the 

stoichiometry Nbg jôWq74O23 7  (13 % of Nb 2 0 5  in W O 3) at lower temperatures (750 — 

900 °C).

A solid solution of Nb 2 0 g in WO 3  exhibits an X-ray diffraction pattern the same as that 

for pure tungsten trioxide. Precursor 9 has a Nb:W ratio that has previously led to the 

formation of a sohd solution, and this ratio has been retained in the films 9(a) and 9(b). 

However, the presence of the intense Bragg reflection at ca. 30.3 ° indicates that the 

films are not comprised of a sohd solution of Nb 2 0 s in W O 3, but instead contain a 

phase in addition to J-W Oy Roth’s and Waring’s iuvestigations"^ indicate that this 

additional phase could be “ 6  Nb 2 0 g : 11 W O 3 ” , since this material gives rise to a 

diffraction pattern with intense peaks at 30.1 and 30.2 °. However, for
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“ 6  NbgOg : 1 1  WO 3 ” a peak double the intensity of these two should also be present at 

22.5 although it is possible that this absence may be a consequence of preferred 

orientation of the compound phase.

Thus, glancing-angle X-ray diffraction has indicated that although as-deposited the film 

9(b) was amorphous, post-sintering it exhibited an almost identical pattern to those 

obtained from 9(a). Whereas Raman spectroscopy indicated the presence of the y-WO^ 

phase only for 9(b), XRD has indicated a random orientation of y-WOj for 9(a) and 

9(b). Another phase could be identified from diffractograms of 9(a) and 9(b), which 

could be the compound “ 6  Nb 2 0 5 : 11 W O 3 ” .

In summary, the facile use of the polyoxometalate ['^u^N]^[PNbW^ ̂ O^g], 9, in AACVD 

reactions has led to the deposition of complex tungsten trioxide fRms. Deposition from 

9 at 480 °C yielded a coating that had segregated into two materials: one at the centre of 

the substrate that was brown, and one at the outside of the substrate that was yellow; 

these have been labelled 9(a) and 9(b) respectively. After sintering the two sections of 

the film at 550 °C in ait for 30 minutes, 9(a) remained brown, whereas 9(b) became 

yellow. Presumably the formation of two distinct materials has been caused by a 

temperature gradient across the substrate, with 9(a) being formed at a slightly higher 

temperature than 9(b). Both sections of the coating appear to mostly comprise y-W0 3 , 

as shown by XPS and XRD. XPS also indicated W:P and W :N b  ratios of ca. 11:1 for 

both sections. XRD also indicated the presence another phase in the fRms, which is 

possibly the compound “ 6  NbgOg : 11 W O 3 ” . However, the Raman spectra recorded 

for 9(a) and 9(b) were very different: spectra obtained for 9(b) were largely consistent 

with the phase y—W O 3, whereas spectra from 9(a) were dominated by what appeared to 

be N b - O  vibrations. Hence, it may be that 9(a) and 9(b) are different because the two 

sections of the film have incorporated the niobium dopant into the film in a different 

manner.
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5.5 Conclusions

Tungsten oxide thin films have been successfully deposited on glass substrates from 

polyoxotungstate precursors. The isopolyanion ['^u^N]2 [WgÔ ()], 7, has been used for 

the deposition of y-WOj coatings, and the heteropolyanions [ ' I Bu ^ N] [ P^ O^ g ] , 8 , 

and ["Bu4 N]4 [PNbW„0 4 o], 9, have led to the controlled deposition of doped y-WOj 

coatings.

Deposition from 7 at 410 °C afforded blue y-WO^_^ films with the previously observed 

( 0  2  0 ) preferred orientation, which post-sintering converted to yellow y-WO^ films with 

a random orientation. Deposition from 8  at 480 °C yielded blue, phosphorus-doped 

y-WOg.^ films, with sintering yielding the yellow fully-oxidised material. The 

phosphorus dopant appeared to be present in the film as the phase 'W20^(PO^)2, thus 

maintaining the phosphorus coordination that is present in the precursor. In addition, 

XPS revealed that the surface W:P ratio was ca. 11:1, the same as in the precursor. SEM 

indicated that the surface morphology was dependent upon the choice of precursor: 

films deposited from 7 consisted of spherical agglomerates of crystaUites up to 2 |LLm in 

diameter, whereas films deposited from 8  were composed of needles and platelets up to 

1  jXm in length.

AACVD reactions of 9 at 480 °C afforded thin films of a complex nature, that by 

appearance contained two distinctly different materials, one in the middle of the 

substrate and one at the edges. Despite this, both appear to contain the phase y-WOj, 

and both have approximately maintained the W:Nb and W:P ratios from the precursor 

to the film.

The investigations described in this chapter demonstrate the unprecedented use of large, 

charged cluster compounds as single-source precursors in CVD, where it is the 

convention to use small, neutral monomers. This has been achieved by taking 

advantage of the aerosol assisted vaporisation technique, whereby the precursor only 

has to be soluble, and volatility is no longer a requirement. In addition, the use of 

heteropolyanions has led to the facile and controlled doping of metal oxide coatings, 

although the precursor ["Bu4 N]4 [PNbW„0 4 o], 9, has yielded materials of a complex 

nature. Polyoxometalates offer many advantages as single-source precursors, since they
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are easy to prepare, inexpensive, non-toxic and available in an extensive range of 

stoichiometries that would yield a variety of doped metal oxide thin films. O f course, 

this strategy is not limited to the deposition of tungsten oxide coatings, 

polyoxometalates are formed extensively for the metals vanadium, molybdenum and 

tungsten and to a lesser extent for niobium and tantalum. Chapter 6  describes one of 

the potential applications of these coatings, studying the photocatalytic activity of the 

thin films deposited from 7 and 8 . Chapter 7 fully discusses the character and 

implications of the CVD precursors reported in this thesis, and compares them with 

single-source precursors that have been described in the literature.

5.6 Experim ental

AU chemicals were obtained from Aldrich Chemical Company and used as supplied. 

Syntheses were not performed in an inert atmosphere unless stated. Aerosol assisted 

CVD experiments and film analysis were performed as detailed in Chapter 4. In all 

cases 0.25 g of precursor were used in each CVD reaction; 7 and 8  were dissolved in 

acetone (50 cm )̂ and 9 was dissolved in acetonitrile (50 cm^).

5.6.1 Preparation of tetrabutylammonium hexatungstate(VI), 

rBu4N]2[W60i9], 7
Sodium tungstate dihydrate, [Na2 W 0 .̂2 H 2 0 ], (16.5 g, 50 mmol), acetic anhydride 

(20 cm^) and DMF (15 cm )̂ were stirred at 100 °C for 3 hours to afford a white hquid. 

A solution of acetic anhydride (10 cm^) and 12 AT HCI (9 cm^) also in DMF (25 cm )̂ was 

added to the liquid with stirring. The undissolved white solid was removed by filtration 

under gravity. After washing the solid with methanol (25 cm^) the filtrate was allowed 

to cool to room temperature. A solution of tetrabutylammonium bromide (7.5 g, 23.5 

mmol) in methanol (25 cm^) was added with rapid stirring to give a white precipitate. 

The suspension was stirred for 5 minutes before the sohd product was isolated by 

filtering through a sintered Büchner funnel. The product was washed with methanol 

(lOcm^) and diethyl ether (25 cm )̂ before being allowed to air dry. Yield: 9.25g, 60 %.

IR (KBr disk, cm'^): 975 (vs), 8 8 8  (vw), 874 (vw), 813 (vs), 754 (vw), 737 (vw), 716 (vw), 

664 (vw), 587 (m), 444 (vs).
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5.6.2 Preparation of rB u 4N]4H3[PWn039], 8

Sodium hydrogen phosphate heptahydrate, [Na2 HP 0 .̂7 H 2 0 ], (1.48 g, 5.5 mmol) and 

sodium tungstate dihydrate, [Na2 W 0 .̂2 H 2 0 ], (2 0 . 0  g, 60.6 mmol) were dissolved in 

water (40 cm^). Concentrated HCl (12 M, 4 cm )̂ was then added dropwise with stirring 

over a period of 15 minutes. During the addition of the acid a precipitate formed which 

was allowed to dissolve before more acid was added to the mixture. The solution was 

then stirred for one hour, during which time a white solid precipitated from the 

solution. A further amount of concentrated HCl was then added (12 M, ca. 4cm^) until 

the pH of the solution reached 5.5, by which time the soHd had dissolved. The pH of 

the solution was monitered for the next 30 minutes and dilute HCl was added as 

necessary to maintain a pH between 5 and 5.5. Subsequently, a solution of 

tetrabutylammonium bromide (8.0 g, 25 mmol) in water (60 cm^) was added and 

precipitation of the product began at once. Precipitation of the product was completed 

by the dropwise addition of HCl (3M, ca. 6  cm )̂ with vigorous stirring until the pH of 

the solution remained between 1.1 and 1.2 for 5 minutes. The white solid product was 

isolated by filtration through a sintered Büchner funnel. The product was then washed 

with copious water and diethyl ether and dried at 60 °C in vacuo for 8  hours. Yield: 

18.9 g, 94 %.

IR (KBr disk, cm'^): 1108(m), 1055 (m), 958 (vs), 8 8 6  (vs), 807 (vs), 751 (vs), 595 (vw), 

518 (w).

5.6.3 Preparation of f  Bu4N]4[PNbWn04o], 9

A solution of hexamethyldisüoxane (0.225 g, 1.4 mmol) in acetonitrile (2 cm )̂ was added 

to a solution of NbClg (0.375 g, 1.4 mmol) also in acetonitrile (2.5 cm^) in a dinitrogen 

atmosphere in order to prepare NbOCl3 .2 MeCN in situ. After stirring for two hours, 

this solution was added to a solution of 7 (5.00 g, 1.4 mmol) in acetonitrile (40 cm^). A 

condenser fitted with a drying tube filled with molecular sieves was attached to the 

reaction flask, and the reaction mixture was then refluxed in air for 3 hours. The 

solution was allowed to cool to room temperature, before diethyl ether (300 cm^) was 

added to precipitate the product. The white soHd was isolated by filtration through a 

sintered Büchner funnel and then washed with copious water and diethyl ether. The 

product was dried at 60 °C in vacuo for 8  hours. Yield 4.85 g, 85 %.
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IR (KBr disk, cm ’): 1083 (s), 1070 (s), 963 (vs), 941 (w), 887 (vs), 808 (s), 594 (vw), 518 

(w), 504 (w)
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Chapter 6 Self-cleaning tungsten oxide thin fiims

6.1 Introduction

The aim of this research was to survey a range of potential single-source precursors for 

the chemical vapour deposition of tungsten oxide thin films, and to investigate the 

structure of the coatings that were produced; this has been achieved and has been 

described in the preceding chapters. The research described in this chapter investigates 

the ability of tungsten trioxide to act as a self-cleaning coating, an application that is of 

great commercial interest. As described in Chapter 1, self-cleaning coatings operate by 

two processes -  semiconductor photocatalysis and photo-induced hydrophilicity — that 

have received Httle attention for tungsten oxide. Indeed, only a handful of publications 

exist describing photoactive WO 3  powders, and only two reports in the literature 

describe photoactive WO 3 thin films. Section 6.2 describes investigations of tungsten 

oxide thin fiims as semiconductor photocatalysts; Section 6.2 describes the photo

induced hydrophilic behaviour of these coatings

6.2 Tungsten oxide films as photocataiysts for the 

destruction o f organic pollutants

In order to determine the ability of the tungsten oxide coatings to act as semiconductor 

photocataiysts for the destruction of organic pollutants, a test organic compound was 

required. Previously,’̂  self-cleaning coatings have been evaluated by their destruction of 

stearic acid (octadecanoic acid, CH3 (CH2)i6 C0 2 H). Stearic acid contains a long 

hydrocarbon chain, meaning that it is involatile and will not evaporate under the strong 

UV radiation used for the experiment. Thus it is a suitable test pollutant.

A thin film of stearic acid was deposited onto a sample of tungsten oxide coated glass 

by spin coating 7.5 |ll of a 0.4 M solution of stearic acid in methanol at 3000 revolutions 

per minute for thirty seconds. Recording the IR spectrum of the stearic acid over the 

range 3000 - 2800 cm ’ allowed the relative amount of stearic acid over-layer to be 

determined. The films were then irradiated with UV hght (254 or 365 nm, 2 x 8 W), and 

the amount of stearic acid was typically recorded every 30 minutes up to a total time of
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two hours. The results obtained are discussed in two sections: Section 6.2.1 discusses 

the results obtained from films deposited from tungsten hexaphenoxide; Section 6.2.2 

discusses those obtained from polyoxometalate precursors.

6 .2 .1  Tungsten oxide films deposited from [ W ( 0 P h ) 6 ]

As-deposited blue and sintered yellow WO 3  thin films deposited from AACVD

reactions of [W(OPh)J at substrate temperatures of 300, 400 and 500 °C were 

investigated as potential photocataiysts. Details of film preparation and characterisation 

are comprehensively discussed in Chapter 4.

A control experiment indicated that a bare SiO^ pre-coated glass substrate gave no 

destruction of a stearic acid over-layer. likewise, none of the as-deposited blue 

coatings showed any destruction of stearic acid. However, all of the sintered yellow 

WO 3 coatings acted as catalysts for the destruction of the organic pollutant. As 

described in Section 6.2, the removal of stearic acid was followed by IR spectroscopy. 

Figure 6.1 shows an example of the decrease in intensit}' and area of the C-H stretches 

of stearic acid over a period of two hours of irradiation with 254 nm LÂ  light 

(corresponding to an energ}' of 4.9 eV).
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Figure 6.1 IR spectra following the photomineralisation of stearic acid. This 
reaction was catalysed by a yellow, sintered WO3 thin film deposited from 
[W(OPh)g] at 500 °C (film thickness = 660 nm). A spectrum was recorded after 
every 30 minutes of irradiation with 254 nm light. The final spectrum 
corresponds to 15 % of the stearic acid remaining after 2 hours irradiation.
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The normalised amount of stearic acid present at any time was determined by 

calculating the average area of the two C-H peaks and dividing this by the average area 

of the peaks before L V irradiation. The tungsten oxide catalysed degradation of stearic 

acid is shown quantitatively in Figure 6.2 for the sintered yellow films deposited at 300, 

400 and 500°C. In addition, the sintered film deposited at 300 °C was sintered for a 

further two hours and then reanalysed.
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3 0 0  °C  2 0 0  n m

4 0 0  “C  5 1 0  n m
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Figure 6.2 Photocatalytic destruction of stearic acid by yellow WO3 thin films 
(deposited from AACVD reactions of [W(OPh)J) under irradiation with 254 nm 
UV light. The deposition temperature of each film is indicated, as is the 
corresponding film thickness. The broken blue line represents photo
degradation of stearic acid once the film deposited at 300 °C was sintered for an 
additional two hours.

The fully-oxidised tungsten oxide coatings showed excellent photocatalytic activitv" for 

the destruction of a stearic acid over-layer. In addition, the rate of the degradation 

reaction increased with the deposition temperature. Thus, the film deposited at the 

highest substrate temperamre (500 °C, thickness = 660 nm) catalysed the

photomineralisation of 85 % of the stearic acid over-layer in two hours. The results 

discussed in Chapter 4 identified three factors that will have increased the rate of
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photomineralisation for an increased deposition temperature: film thickness, film 

porosity and film crystallinity. First, increasing the deposition temperature resulted in an 

increase in the film thickness, which in turn resulted in higher UV absorption (see 

UV/vis absorption spectra. Figure 4.11). Obviously, the more photons the coating 

absorbs, the faster the degradation reaction proceeds. Secondly, higher deposition 

temperatures afforded more porous films, with a greater surface area for the 

photoreaction to take place. Thirdly, coatings deposited at higher temperatures 

exhibited increased crystaUinity. Wang et al have previously reported an increase in 

catalytic activity with an increase in crystaUinity of the tungsten oxide coating,^® and 

attributed this to a reduction in the number of defects within the material and 

consequently a reduction in the number of sites avaUable for hole — electron 

recombination. Indeed, sintering the fUm that had been deposited at 300 °C for an 

additional two hours resulted in an increase in the rate of photocatalysis.

Perhaps surprisingly, the as-deposited blue films proved to be barely photoactive

for the destruction of stearic acid. This lack of catalytic activity is probably due to the 

many oxygen defects within partiaUy-reduced films; in the same way as for the less 

crystalline films, these defects could be acting as effective sites for electron - hole 

recombination reactions.

6.2.2 Tungsten oxide films deposited from poiyoxometalates

Likewise, films of tungsten oxide deposited from the poiyoxometalates ['^u^NjzjWgO^g], 

7, and ['^u^N][PW^^O^g], 8 , were used as photocataiysts for the destruction of stearic 

acid over-layers. Once again, the blue as-deposited coatings proved to be

inactive, only the yeUow sintered WO 3 films catalysed the photo-reaction. Figure 6.3 

shows the degradation of the test organic over-layer when irradiated with 254 nm UV 

Ught.
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Figure 6.3 Photocatalytic destruction of stearic acid by yellow WO3 thin films 
deposited from the polyoxotungstates 7 and 8; irradiation was with 254 nm UV 
light

These tungsten oxide coatings also show excellent photocatalytic activit\% with the fiim 

deposited from the lacunan- precursor 8  degrading 70 % of the organic pollutant after 

two hours irradiation with 254 nm light. However, since the thickness of these films 

could not be determined from thetr reflectance or transmittance spectra, it is important 

to note that the film deposited from 8  cannot quantitatively be described as a more 

active photocatalyst than the film deposited from 7.

The photocatalytic activity of these films was also investigated under irradiation with 

Ught of 365 nm wavelength, Figure 6.4. The electronic absorption spectra of these two 

coatings, as shown in Figure 5.12, indicated a much lower absorption of 365 nm than 

254 nm Ught; thus it was expected that the activitv' of the photocataiysts would be 

reduced at this higher wavelength. As expected, the films were less active: after 22 

hours the film deposited from the isopolyanion 7 degraded 47 % of the stearic acid film, 

whereas the film deposited from the heteropolyanion 8  degraded 34 % of the organic 

over-layer.

131



Chapter 6 Self-cleaning tungsten oxide thin films

9 3 %

9 2 %

6 6 %0.6

5 3 %

T3 0.4

0.2

0 2 4 6 8 10 12 14 16 18 20 22
Irradiation time I hours

Figure 6.4 Photocatalytic destruction of stearic acid by yellow WO3 thin films 
deposited from the polyoxotungstates 7 and 8; irradiation was with 365 nm UV 
light

Therefore, the (^VD reaction of 7 has afforded a coating that is more photoactive tinder 

365 nm irradiation, whereas 8  has yielded a film that is more active under 254 nm 

irradiation. These results are surprising when remembering that the film deposited from 

8 appeared to be more porous than the film deposited from 7 (see Figure 5.11), and 

although the two films showed approximately equal absorption of 254 nm radiation, the 

film deposited from 8 exhibited a greater absorption of 365 nm radiation (see Figure 

5.12).

6.2.3 Discussion

As-deposited blue WO3 .,. coatings on glass did not photocatalyse the degradation of 

stearic acid. This is attributed to the high number of oxygen defects within the films 

which act as effective electron -  hole recombination sites. However, yellow sintered 

WO 3 films deposited from [W(C)Ph)J and the poiyoxometalates ['Tu^N|2 [W(,0 ,()], 7, and 

I'T3û N] H3 1 PW,,O 3 Ç,], 8 , have proved to be effective photocataiysts for the destruction 

of over-layers of the test organic pollutant. The photomineralisation of stearic acid was
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investigated for the films deposited from 7 and 8  with 254 or 365 nm UV light, and the 

films were photoactive for both wavelengths. Activity at the longer wavelength suggests 

that tungsten oxide films on glass could be effective semiconductor photocataiysts 

under solar irradiation.

As discussed in Section 1.2.2, several researchers have previously found tungsten oxide 

to be barely photoactive. They attributed this to the fact that the conduction band of 

WO 3  is too low in energy for the photogenerated electron to reduce molecular oxygen, a 

process that appears to be crucial for the photomineralisation of pollutants by titania. 

However, the valence band of tungsten oxide is low enough in energy for the 

photogenerated hole to reduce surface hydroxy groups, affording OH* radicals that will 

oxidise most organic compounds. Does this mean that for the studies reporting inactive 

WO 3  catalysts, OH* radicals were not sufficiently oxidising to oxidise the test pollutant? 

This could be the case, since there are no contradictory reports whereby tungsten oxide 

has been shown to be an active photocatalyst by one research group and an inactive 

catalyst for the same test pollutant by another. Alternatively, the “inactive” tungsten 

oxide coatings may have had structural properties that contributed to their inability to 

photocatalyse the degradation of the pollutant. For example, this research has shown 

WO 3 .JJ coatings to be inactive, since they contain a large number of oxygen defects 

capable of deactivating the catalyst.

6.3 Photo-induced hydrophilicity

Self-cleaning coatings work by a dual action: first they photocatalyse the mineralisation 

of organic pollutants, secondly they exhibit photo-induced hydrophihcity, the concept 

of which is described in Section 1.2.2.2. The contact angle of water was determined for 

coatings deposited from [W (O P h)^] (plain SiOg pre-coated glass exhibited contact angles 

of 65 - 75 °). For as-deposited blue W 0 3 _,̂ coatings, contact angles of 48 - 60 ° were 

observed after irradiation with 254 nm light for one hour. The sintered yellow W O 3 

coatings showed increased hydrophihcity, with water contact angles of 5 - 20 °. The 

thicker coatings gave the lowest contact angle measurements.
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Thus, stoichiometric WO 3  coatings deposited by the AACVD reaction of [W(OPh)J 

exhibit both photo-induced hydrophihcity and photocatalytic activity, the two properties 

associated with self-cleaning thin films.

6.4 Conclusions

Fully-oxidised WO 3  thin films have proved to be effective photocataiysts for the 

destruction of a test organic pollutant - stearic acid - under irradiation with 254 or 

365 nm radiation. Three factors appear to have influenced the rate of 

photominerahsation: film thickness, film porosity and crystallinity. In addition, the 

coatings have exhibited photo-induced hydrophihcity, displaying water contact angles 

between 5 and 20 °. Therefore, WO 3 thin films prepared by AACVD reactions offer 

excellent potential as self-cleaning coatings. PartiaUy-reduced W 0 3 _̂ thin fUms did not 

act as photocataiysts; this is attributed to a high number of oxygen defects that act as 

sites for electron - hole recombination.

6.5 Experim ental

6.5.1 Photocatalysis Measurements

Photocatalysis of the samples was assessed by the destruction of an over-layer of stearic 

acid on a 4 cm x 4 cm portion of glass. The stearic acid was apphed by dropping 7.5 |ll 

of a 0.4 M solution of stearic acid in methanol onto the tungsten oxide coated glass 

surface. The glass was spun at 3000 revolutions a minute for 30 seconds to afford the 

stearic acid over-layer. The IR spectra of the stearic acid over-layer was measured over 

the range 3000 - 2800 c m \  The amount of stearic acid present was determined by the 

average area of the two C-H bands. The stearic acid coated glass was irradiated typicaUy 

for 2 h with 254 or 365 nm radiation provided by BDH germicidal lamps ( 2 x 8  W). 

Recording the IR spectrum at 30 min. intervals aUowed the destruction of the test 

organic to be foUowed.
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6.5.2 Contact angle measurements

Contact angle measurements were determined by measuring the diameter of a 7,5 jll 

droplet of water that had been dropped onto the surface of the film. From these data 

the contact angle was calculated using a Pilkington Glass proprietary program.
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The commercial application of tungsten trioxide thin films in electrochromic devices 

and gas sensors has been extensively investigated by many research groups; however, 

the WO 3  coatings prepared in most of these studies have employed physical vapour 

deposition (PVD) techniques. Chemical vapour deposition (CVD) offers several 

advantages over PVD, including that CVD can be performed in situ on industrial float 

glass Unes in the absence of a high vacuum. Previously reported CVD reactions yielding 

WO 3  have usually involved dual-source precursors that often produce highly toxic by

products or require a post-reaction heat treatment at high temperature. The aim of this 

project was to prepare mngsten oxide thin films on glass from single-source precursors 

that had low toxicity and may have offered improved ease of use or deposited films with 

enhanced properties.

Conventionally, CVD precursors are designed to be volatile so that they can be 

vaporised thermally. With this idea in mind, tungsten coordination complexes with 

oxygen-donor ligands were synthesised as candidates for single-source precursors for 

the deposition of tungsten oxide thin films. The known compound tungsten 

hexaphenoxide was chosen as the first candidate; in addition a range of novel complexes 

were synthesised using two synthetic strategies.

First, reactions of WOCI4  with 3-methyl salicylic acid (^^sahHz) and 3,5-di-ij-o-propyl 

salicylic acid (̂ ' '"̂ 'saliHg) were studied. Performing the reactions in refluxing toluene 

yielded the analogous ditungsten complexes [{WO('^^sah)('^^saliH)}2 (|l-0 )], 1, and 

[{W O ^ 'sa li)  Ĉ' '̂ '̂saliH)} (̂iLi-O)], 2. However, reacting WOCI4  with 3,5-di-tio-propyl 

salicylic acid at a lower temperature, in refluxing hexane, afforded the monotungsten 

complex pVG(^‘ ''̂ "sali)(̂ ' '^"saHH)Q], 3. These three complexes were crystaUographicaUy 

characterised; in all cases the tungsten(VI) metal centres were coordinated to one 

bidentate sahcylate monoanion and one bidentate salicylate dianion. The ditungsten 

complexes 1  and 2  contain an 0 x0  ligand bridging the two metal centres, whereas in the 

monotungsten complex 3 one chloride ligand remains coordinated to the metal.
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Secondly, neutral, monomeric tungsten(VI) dioxo complexes were prepared by ligand 

exchange reactions of [W0 2 (acac)2], 4. The reaction of 4 with 3,5-di-/^r^-butyl-catechol 

(catHj) and maltol (maltH) yielded the complexes [W0 2 (catH)2], 5, and [W0 2 (malt)2 ], 6 , 

respectively. Most of the previously reported tungsten(VI) dioxo compounds have been 

prepared from the tungstate dianion, yielding salts or ditungsten species. The

structures of 5 and 6  were deduced by NMR spectroscopy, and were shown to be 

favoured either sterically (for 5) or electronically (for 6 ). A single crystal diffraction 

study for 6  confirmed that the solution structure of 6  was maintained in the solid-state.

Differential scanning calorimetry and thermal gravimetric analysis were used to 

investigate the thermal behaviour of [W(OPh)J and the complexes 1 — 6 . These studies 

indicated that the ditungsten complexes 1 and 2 and the dioxo complexes 5 and 6  could 

not be thermally vaporised at a stable temperamre, and were unsuitable for conventional 

atmospheric pressure CVD. Rather than vaporising the precursors thermally but at low 

pressure, an alternative atmospheric pressure vaporisation technique was sought. 

Hence, the complexes were used as single-source precursors for aerosol assisted 

chemical vapour deposition (AACVD).

Consequently, the homoleptic compound [W(OPh)J, the monooxo complexes 2 and 3 

and the dioxo complexes 4 and 6  acted as single-source precursors for the CVD of 

mngsten oxide thin films on glass. AACVD uses a solution of the precursor; thus, the 

precursors were dissolved in a suitable organic solvent such as acetone, 

dichloromethane or acetonitrile. The solvent appeared to have no affect on the 

resultant coatings. Brown mngsten oxide films, indicative of high carbon 

contamination, were deposited from 2 and 3 at 600 °C; sintering at 550 °C in air for 30 

minutes yielded transparent yellow coatings. However, blue partially-reduced 

thin films were deposited from [W(OPh)J at 300 -  500 °C, from 4 at 600°C and 6  at 

620°C. Just as for the films deposited from 2 and 3, sintering at 550 °C afforded yellow 

films of stoichiometric WO 3 . Raman spectroscopy and glancing angle XRD showed 

that coatings deposited from [W(OPh)^] at 300 °C were amorphous, whereas aU the 

other materials were the monoclinic phase y-mngsten oxide. As-deposited, the fTms 

exhibited preferred orientation along the (0 2 0) plane. This orientation became 

diminished following the sintering step, except for films deposited from [W(OPh) j .
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Two previous reports have described the CVD of tungsten oxide thin films from single

source precursors: Riaz’s report^^ discusses the use of [W(OEt)]^ and [W(OEt)]s for 

APCVD; Chisholm’s publication^^ considers the use of [W(OR)^] and [W(OR)3 L] 

complexes (R = Et, Pr, ^ u , CH 2 ^u ; L = acac or hfac - hfacH = hexafluoroacetyl- 

acetone) for LPCVD. Both investigations involved the thermal vaporisation of the 

precursors. The work described in this thesis has significantly extended the range of 

single-source precursors that have been used to deposit WO 3 . In addition, it is the first 

reported use of AACVD to deposit WO 3  and is only the second example of the 

deposition of WO 3  from single-source precursors at atmospheric pressure. The 

homoleptic aryloxide [W(OPh) j  is similar to the alkoxide precursors that have been 

used previously. However, 2 is the first example of a ditungsten complex being 

employed for the CVD of tungsten oxide, and the complexes 4 and 6  are the first 

examples of tungsten dioxo complexes as precursors for the CVD of tungsten oxide.

Whereas the previously used single-source precursors have been air- and moisture- 

sensitive, tungsten hexaphenoxide is air- and water-stable, offering a great advantage for 

industrial application. The previous reports of the CVD of tungsten oxide from single

source precursors have used lower substrate temperatures than those employed herein 

(100 to 350 °C for [W(OEt)]g and [W(OEt)]s; 120 to 290 °C for [WCOR) ]̂ and 

[W(0 R)3 L]). Nevertheless, [W(OPh)J has allowed deposition at 300°C, a temperature 

low enough to deposit an amorphous coating, which is suited to electrochromic 

applications. Moreover, higher deposition temperatures used in this research have 

yielded highly crystalline thin films suited to self-cleaning appHcations.

Aerosol assisted CVD was also used herein for the deposition of tungsten oxide from 

some entirely unconventional single-source precursors. Although a CVD precursor 

must undergo the correct decomposition chemistry to yield the desired material, the use 

of an aerosol assisted precursor delivery system meant that the precursor did not have 

to be volatile, as is required by conventional CVD, only soluble. Nevertheless, AACVD 

has only previously been employed for precursors that have failed the volatility 

requirements. Taking full advantage of the aerosol vaporisation technique allowed the 

CVD of tungsten oxide films from the poiyoxometalates ['Bu^NjglWgO^g], 7, 

['Bu^N]4 H 3 [PWj] O 3 Ç)], 8 , and ['Bu^N]^[PNb^ O^], 9 between 410 and 480 °C. Thus, 

the unprecedented use of large, charged clusters for CVD was demonstrated. In
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comparison, tungsten hexaphenoxide (possessing the attributes of a conventional 

precursor) is monomeric, has a molecular mass of 744.6 g m of’ and is neutral, whereas 

the anion of 8  contains eleven tungsten atoms, has a molecular mass of 3650.2 g mol^ 

and a charge of -7.

The heteropolyanions 8  and 9 also led to the facile deposition of doped WO 3  thin films: 

the tungsten to heteroatom ratio was maintained from the single-source precursor to the 

film, resulting in highly-controlled doping. As described in Section 1.5, phosphorus- 

doped tungsten oxide has been prepared before by CVD, from derivatives of tungsten 

hexacarbonyl;^^ although the W:P ratio depended upon the precursor chosen, the ratio 

was not stricdy determined by the ratio present in the precursor.

Poiyoxometalates offer many advantages as single-source precursors, since they are easy 

to prepare, air- and water-stable, inexpensive, non-toxic and available in an extensive 

range of stoichiometries that would yield a variety of doped metal oxide thin films. 

Hence, the effects of doping on the properties of a material could be exhaustively 

examined.

The tungsten oxide films were investigated as photocataiysts for the destruction of 

organic pollutants. Whereas many other research groups have found tungsten oxide to 

be inactive as a photocatalyst, the sintered yellow WO 3  coatings showed excellent 

photocatalytic activity for the destruction of an over-layer of stearic acid. This could 

lead to the application of tungsten oxide films on glass as self-cleaning windows. In 

addition, this is the first example of photocatalytic tungsten oxide thin fikns that have 

been prepared by CVD. Thus, large-area WO 3 self-cleaning windows could be prepared 

in situ on a float glass hne.
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Appendix -  Crystallographic Data

Table B Ctystal data and structure refinement for 
[{W 0(“'sali)(“'saliH)}2(H-0)] ["'saliH^] .0.5DCM, 1.

Empirical formula C40.50 H35 018CI W2

Formula weight 1212.83

Temperature 173(2) K

Diffractometer, wavelength Siemens P4, 0.71073 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a = 11.412(2) A alpha = 87.357(14) deg. 

b = 12.226(2) A beta = 83.590(12) deg. 

c = 15.133(2) A gamma = 77.599(10) deg.

Volume, Z 2048.7(6) A^3, 2

Calculated density 1.966 Mg/m'̂ O

Absorption coefficient 5.755 mm -̂1

F(OOO) 1174

Crystal colour/morphology Ruby red blocks

Crystal size 0.57 X 0.57 X 0.43 mm

Theta range for data collection 1.84 to 23.50 deg.

Index ranges 0<=h<=12, -13<=k<=13, -16<=l<=16

Ref Ins collected / unique 6405 / 6054 [R(int) = 0.0366]

Ref Ins observed [F>4sigma(F)] 5026

Absorption correction Empirical

Max. and min. transmission 0.6331 and 0.1606

Refinement method Full-matrix least-squares on F^2

Data / restraints / parameters 5795 / 0 / 569

Goodness-of-fit on F'̂ 2 1.136

Final R indices [l>2sigma(l)] R1 = 0.0362, wR2 = 0.0798

R indices (all data) R1 = 0.0489, wR2 = 0.0882

Extinction coefficient 0.0020(2)

Largest diff. peak and hole 0.698 and -0.786 e.A^-3

Mean and maximum shift/error 0.000 and 0.000
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T able D Crystal data and structure refinement for
[{W 0(‘""’-'’'sali)(‘“-̂ ’’'saliH)}2(n-0)], 2.

Empirical formula C52 H66 015W 2

Formula weight 1298.75

Temperature 293(2) K

Diffractometer, wavelength Siemens P4, 1.54178 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a = 17.161(2) A alpha = 98.165(9) deg. 

b = 20.482(2) A beta = 98.061 (10) deg. 

c = 25.789(3) A gamma = 91.365(11 ) deg.

Volume, Z 8875.2(17) A^3, 6

Calculated density 1.458 Mg/m' 3̂

Absorption coefficient 7.563 mm -̂1

F(OOO) 3876

Crystal colour/morphology Red prisms

Crystal size 0.33 X 0.33 X 0.30 mm

Theta range for data collection 1.75 to 60.00 deg.

Index ranges -19<=h<=4, -22<=k<=22, -28<=l<=28

Reflns collected / unique 27332 / 26310 [R(int) = 0.0363]

Ref Ins observed [F>4sigma(F)] 21816

Absorption correction Ellipsoidal

Max. and min. transmission 0.1731 and 0.0690

Refinement method Full-matrix-block least-squares on F^2

Data / restraints / parameters 2 5 2 3 3 /2 1 6 / 1981

Goodness-of-fit on F^2 1.057

Final R indices [l>2sigma(l)] R1 = 0.0477, wR2 = 0.1237

R indices (all data) R1 = 0.0601, wR2 = 0.1363

Extinction coefficient 0.000076(6)

Largest diff. peak and hole 1.046 and -1.167 e.Â '-O

Mean and maximum shift/error 0.002 and 0.086
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Table E Bond lengths (A) and angles (°) for
[{W 0(‘̂‘-̂ '*’̂ sali)(‘̂‘-^%aliH)}2(ll-0)], 2.

W(1)-0(1) 1.695(6) C(24’)-0(24') 1.227(10)
W(1)-0(3) 1.890(5) C(24')-0(25') 1.303(10)
W(1)-0(19) 1.893(5) C(26')-C(27') 1.49(2)
W(1)-0(5) 1.926(5) C(26')-C(28') 1.51(2)
W(1)-0(11) 1.965(6) C(29')-C(30') 1.41(2)
W(1)-0(24) 2.241(5) C(29')-C(3T) 1.53(3)
W(2)-0(2) 1.688(6) C(32')-C(33') 1.393(12)
W(2)-0(3) 1.897(5) C(32')-C(37") 1.401(12)
W(2)-0(33) 1.903(5) C(32')-C(38') 1.464(12)
W(2)-0(47) 1.922(6) C(33')-0(33') 1.363(9)
W(2)-0(53) 1.964(5) C(33')-C(34') 1.408(12)
W(2)-0(38) 2.247(6) C(34')-C(35') 1.368(14)
C(4)-C(9) 1.392(13) C(34')-C(40') 1.525(14)
C(4)-C(5) 1.405(13) C(35')-C(36') 1.41(2)
C(4)-C(10) 1.482(12) C(36')-C(37') 1.36(2)
C(5)-0(5) 1.365(10) C(36')-C(43') 1.522(14)
C(5)-C{6) 1.413(12) C(38')-0(38') 1.244(10)
C(6)-C(7) 1.40(2) C(38')-0(39') 1.311(10)
C(6)-C(12) 1.51(2) C(40')-C(4T) 1.51(2)
C(7)-C(8) 1.37(2) C(40')-C(42') 1.52(2)
C(8)-C(9) 1.37(2) C(43')-C(45') 1.541(10)
C(8)-C(15) 1.53(2) C(43')-C(44B) 1.545(10)
C(10)-0(10) 1.238(12) C(43')-C(45B) 1.556(10)
C(10)-O(11) 1.312(11) C(43')-C(44') 1.557(10)
C(12)-C(14) 1.51(2) C(46')-C(51') 1.409(12)
C(12)-C(13) 1.53(2) C(46')-C(47') 1.423(12)
C(15)-C(17) 1.536(10) C(46')-C(52') 1.458(11)
C(15)-C(16A) 1.539(10) C(47')-0(47') 1.369(9)
C(15)-C(17A) 1.550(10) C(47')-C(48') 1.386(11)
C(15)-C(16) 1.550(10) C(48')-C(49') 1.391(13)
C(18)-C(19) 1.390(12) C(48')-C(54’) 1.499(13)
C(18)-C(23) 1.401(12) C(49')-C(50') 1.383(15)
C(18)-C{24) 1.477(11) C(50')-C(5T) 1.387(13)
C(19)-0(19) 1.381(10) C(50')-C(57') 1.521(12)
C(19)-C(20) 1.389(12) C(52')-0(52') 1.236(10)
C(20)-C(21) 1.390(14) C(52')-0(53') 1.310(10)
C(20)-C(26) 1.494(15) C(54')-C(55') 1.51(2)
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Table F Crystal data and structure refinement for
[WO(‘“' ’̂’'sali)(‘“' ‘̂’'saliH)Cl], 3.

Empirical formula C26 H33 0 7  Cl W

Formula weight 676.82

Temperature 293(2) K

Diffractometer, wavelength Siemens P4, 1.54178 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a = 12.3643(11) A alpha = 69.847(8) deg.

b = 14.9782(15) A beta = 71.662(10) deg.

c = 17.039(2) A gamma = 82.612(9) deg.

Volume, Z 2811.2(5) A^3, 4

Calculated density 1.599 Mg/m '̂3

Absorption coefficient 8.826 mm*-1

F(OOO) 1344

Crystal colour/morphology Red platy needles

Crystal size 0.40 X 0.17 X 0.05 mm

Theta range for data collection 2.89 to 59.99 deg.

Index ranges -13<=h<=7, -15<=k<=15, -19<=l<=18

Reflns collected / unique 7987 / 7592 [R(int) = 0.0201]

Reflns observed [F>4sigma(F)] 5951
Absorption correction Lamina [1 1 1]

Max. and min. transmission 0.8687 and 0.3216

Refinement method Full-matrix least-squares on F*2

Data / restraints / parameters 7150/ 137/730

Goodness-of-fit on F^2 1.039

Final R indices [l>2sigma(l)] R1 = 0.0480, wR2 == 0.1208

R indices (all data) R1 = 0.0646, wR2 == 0.1333

Extinction coefficient 0.00014(3)

Largest diff. peak and hole 0.707 and -0.875 e .A^-3

Mean and maximum shift/error 0.000 and 0.001
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Table G Bond lengths (A) and angles (°) for [ W O ali) i-P r saliH)Cl], 3.

W- 0 1.687(9) 0(T)-C(T) 1.372(13)
W-0(21) 1.875(6) 0(1')-C(1B) 1.38(2)
W-0(1) 1.876(8) C(T)-C(6') 1.38(2)
W-0(8) 1.957(6) C(T)-C(2') 1.41(2)
W-0(27) 2.223(7) C(2')-C(3') 1.39(2)
W-CI 2.320(3) C(2')-C(9') 1.57(3)
0(1)-C(1) 1.378(14) C(3')-C(4') 1.37(2)
C(1)-C(6) 1.382(14) C(4')-C(5') 1.37(2)
C(1)-C{2) 1.40(2) C(4')-C(12') 1.53(3)
C(2)-C(3) 1.35(2) C(5’)-C(6') 1.41(2)
C(2)-C(9) 1.48(2) C(6')-C(7') 1.46(2)
C(3)-C(4) 1.43(2) C(7')-0(7') 1.22(2)
C(4)-C{5) 1.37(2) C(7')-0(8') 1.32(2)
C(4)-C(12) 1.49(2) C(1B)-C(6B) 1.38(2)
C(5)-C(6) 1.40(2) C(1B)-C(2B) 1.40(2)
C(6)-C(7) 1.457(15) C(2B)-C(3B) 1.39(2)
C(7)-0(7) 1.239(11) C(2B)-C(9B) 1.48(2)
C(7)-0(8) 1.347(12) C(3B)-C(4B) 1.35(3)
C(9)-C(10) 1.513(10) C(4B)-C(5B) 1.38(3)
C(9)-C(10A) 1.519(10) C(4B)-C(12B) 1.53(3)
C(9)-C(11) 1.521(10) C(5B)-C(6B) 1.42(3)
C(9)-C(11A) 1.529(10) C(6B)-C(7B) 1.46(2)
C(12)-C(13A) 1.514(10) C(7B)-0(7B) 1.21(2)
C(12)-C(13) 1.516(10) C(7B)-0(8') 1.35(2)
C(12)-C(14) 1.518(10) C(9')-C(1T) 1.538(10)
C(12)-C(14A) 1.520(10) C(9’)-C(10') 1.543(10)
0(21)-C(21) 1.379(12) C(12')-C(14') 1.521(10)
C(21)-C(26) 1.378(14) C(12')-C(13') 1.528(10)
C(21)-C{22) 1.413(12) C(9B)-C(11B) 1.534(10)
C(22)-C(23) 1.39(2) C(9B)-C(10B) 1.554(10)
C(22)-C(29) 1.52(2) C(12B)-C(14B) 1.522(11)
C(23)-C(24) 1.38(2) C(12B)-C(13B) 1.524(10)
C(24)-C(25) 1.39(2) 0(2T)-C(2T) 1.375(11)
C(24)-C(32) 1.52(2) C(21')-C(26') 1.376(14)
C(25)-C(26) 1.410(15) C(2T)-C(22') 1.408(13)
C(26)-C(27) 1.479(13) C(22')-C(23') 1.390(14)
C(27)-0(27) 1.221(12) C(22')-C(29') 1.507(14)
C(27)-0(28) 1.299(13) C(23')-C(24') 1.39(2)
C(29)-C(30) 1.53(2) C(24')-C(25') 1.390(14)
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Table H Crystal data and structure refinement for [W02(malt)2], 6.

Empirical formula C12 H10 08  W

Formula weight 466.05

Temperature 293(2) K

Diffractometer, wavelength Siemens P4, 1.54178 A

Crystal system, space group Monoclinic, C2/c

Unit cell dimensions a = 10.156(2) A alpha = 90 deg. 

b = 10.707(2) A beta = 93.049(15) deg. 

c = 12.389(3) A gamma = 90 deg.

Volume, Z 1345.2(4) A^3, 4

Calculated density 2.301 Mg/m'̂ O

Absorption coefficient 16.300 mm -̂1

F(OOO) 880

Crystal colour/morphology Colourless prisms

Crystal size 0.27 X 0.20 X 0.13 mm

Theta range for data collection 6.01 to 59.95 deg.

Index ranges -6<=h<=11, -3<=k<=12, -13<=K=13

Reflns collected / unique 1062/ 1001 [R(int) = 0.0252]

Reflns observed [F>4sigma(F)] 942

Absorption correction Empirical

Max. and min. transmission 0.1236 and 0.0391

Refinement method Full-matrix least-squares on F*2

Data / restraints / parameters 9 8 5 / 0 / 9 7

Goodness-of-fit on F^2 1.075

Final R indices [l>2sigma(l)] R1 = 0.0297, wR2 = 0.0748

R indices (all data) R1 =0.0331, wR2 = 0.0788

Extinction coefficient 0.00016(5)

Largest diff. peak and hole 0.739 and -0.942 e.A'̂ -O

Mean and maximum shift/error 0.000 and 0.000
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Table I Bond lengths (A) and angles (°) for [W02(malt)2], 6.

W-0#1

W-0

W-0(3)#1

W-0(3)

W-0{4)

W-0(4)#1

0(1)-C(6)

0(1)-C(2)

1.704(6)

1.704(6)

1.977(5)

1.977(5)

2.232(5)

2.232(5)

1.356(10)

1.371(9)

C(2)-C(3)

C(2)-C(7)

C(3)-0(3)

C(3)-C(4)

C(4)-0(4)

C(4)-C(5)

C(5)-C(6)

1.358(10)

1.468(11)

1.352(8)

1.419(10)

1.280(9)

1.406(11)

1.348(12)

0#1-W -0 104.5(4)

0#1-W-0(3)#1 103.0(2)

0-W-0(3)#1 92.2(2)

0#1-W -0(3) 92.2(2)

0-W -0(3) 103.0(2)

0(3)#1-W-0(3) 155.2(3)

0#1-W -0(4) 163.4(2)

0-W -0(4) 89.4(3)

0(3)#1-W-0(4) 85.1(2)

0(3)-W-0(4) 75.7(2)

0#1-W-0(4)#1 89.4(3)

0-W-0(4)#1 163.4(2)

0(3)#1-W-0(4)#1 75.7(2)

0(3)-W-0(4)#1 85.1(2)

0(4)-W-0(4)#1 78.4(3)

C(6)-0(1)-C(2)

C(3)-C(2)-0(1)

C(3)-C(2)-C(7)

0(1)-C(2)-C(7)

0(3)-C(3)-C(2)

0(3)-C(3)-C(4)

C(2)-C(3)-C(4)

C(3)-0(3)-W

0(4)-C(4)-C(5)

0(4)-C(4)-C(3)

C(5)-C(4)-C(3)

C(4)-0(4)-W

C(6)-C(5)-C(4)

C(5)-C(6)-0(1)

119.7(6)

118.9(7)

126.8(7)

114.2(6)

122.0(6 )

116.3(6)

121.6(7)

118.3(4)

125.7(7)

116.5(6)

117.9(7)

112.1(4)

117.9(7)

124.0(7)

Symmetry transformations used to generate equivalent atoms: #1 -x,y,-z+1/2
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