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ABSTRACT

93Nb NMR has been used to investigate and characterise the precursor species present
in alcohol solutions of niobium (V) chloride. It reveals the presence of all possible substitution
products NbCls5.x(OR)x, and that the solution composition is both temperature and
concentration dependent. Investigations of the sol-gel processing properties of these solutions
reveals that the gelation rates of these solutions is dependent not only on the concentration of
niobium but also the pKa of the parent alcohol and the ratio of chloride ions to niobium atoms.

Sol-gel processing of niobium chloroethoxide solutions, via spin coating, can be used
to form thick (5 um) and thin (0.1 pm) films of hydrated NbyOs. The thick films have limited
durability and crack upon drying, however application of a second coating containing a mixed
NbO/silicone solution produces a more durable NbyOs/silicone composite film.
Chronoamperometry and chronabsorptiometric measurements upon the three types of film
reveal that the thick films have H* diffusion coefficients of the order of 10-8 cm2s-! comparable
to previously reported sputtered NbyOs films, whereas the thin films have H* diffusion
coefficients of the order of 10-13 cm2s-1, due to their dense, non-microporous, glass-like
structure.

The electrochemistry and electrodeposition properties of a number of niobium (V)
compounds have been investigated, using cyclic voltammetry and constant potential
electrolysis. Although it proved possible to electrodeposit films of niobium oxide, the
production of gas (O or Hp) at the very large negative potentials required limit the practical

applications of these systems.
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Chapter 1

Introduction

1.1 Advanced Ceramic Materials

Ceramic objects have been with us for tens of thousands of years and can probably lay
claim to be the first fruits of high temperature chemistry practised by man. For centuries their
use was limited to clay based items such as cooking containers and tiling. However, in the past
few decades a new group of ceramics have appeared — the “advanced” ceramic materials, and
have found uses in many technologically important areas.

These advanced ceramics have many favourable properties when compared to metals,
and so have many potential applications. Thus, silicon nitride (SizNg4) with its higher melting
point and greater strength than nickel superalloys seems an ideal choice for the replacement of
the nickel superalloys used in gas turbines and reciprocating engines. The greater operating
temperatures afforded by the use of Si3Ng would lead to greater efficiencies.

Novel glass ceramics have found many applications, such as the Li;O-Alp03-SiO3
system which is used in heat exchangers and cooking utensils, or the MgO-Al,03-Si07 system
used in missile radar domes.! Likewise, aluminium titanate is used to make port liners in car
engines as it has a low thermal conductivity (2 W m-1 K-1) which reduces heat flow to the
cylinder block and thus the amount of cooling required.

Ceramic coatings have also found many uses, often as optical coatings (eg. TiO2-Si02
which is used for graded refractive index systems) or for their thermal, wear or corrosion
resistance properties. Thus an RB211 gas turbine engine coated with a 50 um thick ZrO; film
enjoys an increased lifetime over uncoated versions, due to a reduction in turbine substrate
temperature of up to S0K.2

Electronic ceramics comprise one of the largest and most mature areas of the advanced
ceramic materials, dating from the 1940’s when AlpO3 was used in spark plugs because of its
insulating properties. Almost all electronic ceramics are dielectric materials. This means that
they are able to store electrostatic charge. The dielectric constant (a measure of the materials

ability to store charge) can vary with temperature, crystal structure, structural defects and the



frequency of an applied ac field. The commonest use of dielectric materials is in the production
of capacitors, where the dielectric material increases the charge storage capacity of a capacitor
by neutralising some of the free charges which would otherwise contribute to the potential
difference opposing the battery voltage. Thus, more charge can flow into the capacitor, which
then has an increased storage capacity given by £C, where C, is the original capacity in air and

g is known as the dielectric constant or relative permittivity of the material (see Fig. 1.1).2

Fig. 1.1
Capacitance = C, Capacitance = g,C,
+Qo +HQ g
N e+
= v | -1 %
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L [
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In normal dielectric materials the permittivity decreases with decreasing temperature.
The majority of capacitors produced are based on BaTiO3 as it has a very high dielectric
constant. Dielectric ceramics can have useful other properties, some of which are outlined

below.

1.1.1 Piezoelectric Materials

Piezoelectric materials are compounds which produce electricity when subjected to
pressure. Charges appear on a piezoelectric crystal surface when it is stressed, because the
stress separates the centre of gravity of the positive charge from the centre of gravity of the
negative charge, producing a dipole moment.2 Thus the effect can only be observed in crystals
not having a centre of symmetry, because applying uniform stress to centro-symmetric crystals
does not separate the centre of gravity of the charges. When an electric field is applied to a
piezoelectric crystal it will strain mechanically. Piezoelectric materials have many uses, ranging

from mechanical sensors, such as stereo record-player needles, through acoustic transducers



used to change the electrical signal back into sound in a pair of headphones, to quartz electronic

oscillators used in quartz watches.

1.1.2 Pyroelectric and Ferroelectric Materials

Ferroelectric and pyroelectric crystals have an electric dipole moment even in the
absence of an external electric field. This arises because the centre of positive charge in the
crystal does not coincide with the centre of negative charge, producing permanent electrostatic
charge on the crystal surfaces. This spontaneous polarization is strongly dependent upon
temperature because the atomic dipole moments vary as the crystal expands or contracts.
Normally the surface charge on a crystal with a permanent electric dipole is not observed since
atmospheric ions neutralise the charge. However heating the crystal will tend to desorb the
neutralising ions (charging the surface) and change the polarisation; this effect is known as the
pyroelectric effect. A ferroelectric crystal is defined as possessing two (or more) orientation
states of polarization, and can be switched from one to the other.by application of an electric
field. Most pyroelectrics are also ferroelectrics.2 The Curie temperature (T.) of a ferroelectric
material is defined as the temperature at which, when cooled, a crystal will undergo phase
transition to a ferroelectric phase. Thus, below T, spontaneous polarization develops, whereas
above T the crystal phase is too symmetrical to exhibit spontaneous polarization. This means
that, unlike normal dielectric materials, in ferroelectric materials the dielectric constant increases
with decreasing temperature, going through a sharp maximum at T and thereafter falling.

Ferroelectrics have many applications. They are used in miniature capacitors because
they have large dielectric constants. The ability to switch between two polarization states is
used in non-volatile memories (for instance in pocket calculators/computers). The polarization
of the crystal by application of an electric field is also used in optics as the oscillating dipoles
can broadcast electromagnetic radiation (electro-optics) and modulate and deflect laser beams.
Because the induced polarization (and hence optical modification) is a nonlinear function of the
applied field the effect is termed “non-linear optics”. The temperature dependence of
spontaneous polarization exhibited by both ferroelectrics and pyroelectrics is used to create

thermal and infrared detectors.2



Many other examples of electronic ceramics exist, including the recently discovered
high temperature superconductors such as yttrium barium cuprate (YBapCu3z07.q (0<d<1)).!
However these many forms of advanced ceramics all have a common requirement. That is a
need for a high degree of control in chemical purity and ceramic formation in order to achieve
optimum performance.

In the past this was achieved by sintering powders of the required ceramic (obtained by
grinding bulk materials) to form films and layers in a device. Whilst allowing a fair degree of
control in the ceramic formation, the powders were easily contaminated with impurities during
grinding and the whole process was very energy inefficient, requiring high temperatures to
form defectless films. Nowadays low temperature methods have been developed, using such
methods as sputtering (ion beam and laser ablation) and chemical vapour deposition.
Unfortunately, these methods are expensive and not very efficient since there is a high degree
of waste. However one technique that has been developed, that is both a low temperature

process and reasonably inexpensive, is sol-gel processing of ceramics.

1.2 Sol-Gel Processing of Ceramics

Traditional ceramics have been made by mixing fine grained solid powders (>50 pm
particle size) of oxides such as SiOp, AlpO3, Fe2O3 in a water based slurry or clay and then
subjecting them to temperatures between 1000°C-1500°C in order for them to react. The
problems associated with this method are well known:- (i) high temperatures are required to
sinter large particles in order to facilitate diffusion across the large distances between the
particles; (ii) large particles lead to defects and voids which can have a deleterious effect on the
electrical and optical properties of the ceramic or lead to cracks in engineering ceramics; (iii) the
successful mixing of the components to achicve the correct atomic scale stoichiometry and
chemical homogeneity depends on the particle size; (iv) high temperatures may destroy
metastable phases, cause volatilization of some component oxides or loss of Oy from the
surface. Whilst the level of component mixing acheived with large particles (>50pum) is
adequate for rough-grained “low-tech.” ceramics, it is difficult to produce advanced, high

technology ceramics, glasses and composites from these particle sizes. Thus, much research



has centred on chemical solutions to these problems — by chemically creating ultra-fine,
chemically homogeneous powders, films and monolithic glasses the need for high sinter

temperatures and problems with atomic-scale homogeneity are circumvented.

Around the turn of the century attention focused on colloidal sols, ie.
submicroscopically homogeneous suspensions of solid particles in a liquid which can be
manipulated to form a gel (the sol-gel process). Whilst chemists such as Lord Raleigh3 worked
on precipitation phenomena of these sols, and H.B. Weiser and W.O. Milligan4 worked on
oxide sols and gels, there was little work done on actually applying these chemical studies to
the production and use of ceramics.

The first time that colloid science was applied to the production of ceramics came prior
to World War II. Ewell and Insley 5 coprecipitated gels of SiO; and Alp03, and Iler pioneered
the chemical synthesis of micas and clays by the sol-gel route,6 leading to the commercial
development of colloidal silica powders. However, it was not until after the war that sol-gel
processing (SGP) blossomed. The sol-gel process thus developed has two basic approaches:

a) dispersion of the colloidal particles ( often oxide) in a liquid to form a sol which,

upon manipulation eg pH or concentration, then undergoes gelation;

b) preparation of an organometallic precursor in solution (often an alkoxide) which

upon the addition of water undergoes gelation.

The gelation products thus produced can take many different physical forms depending on the
gelation and drying technique. Thus thin films, fibres, spheres, grains, powders and
amorphous gels are all common products. The advantages of the sol-gel process over the old
"grind and fire" method are apparent. It allows for the rational manipulation of inorganic
species at the molecular level (thereby achieving chemical mixing and homogeneity on a 0.5nm
scale rather than 50um scale) and the controlled growth of particle size from nm dimensions
upwards. Furthermore the components can be made extremely pure and lower firing
temperatures are required because of the smaller particle size and greater homogeneity. Finally,
the shaping and forming of the ceramic via the sol-gel route is often easier than with the old

conventional method and almost all ceramic materials are accessible, as shown in Fig. 1.2:



Fig. 1.2
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The postwar development of SGP was rapid and occurred simultaneously on a number
of fronts. The nuclear industry was a big sponsor of the sol-gel process — it required the
production of mixed (Th,U)O3 fuel pellets without the production of radioactive dust partcles.
To this end, Dean et al 7.8 developed the following technique: superheated steam (748K) was
used to strip HNO3 from hydrated thorium nitrate, the residue formed being redissolved in
dilute HNO3 or uranyl nitrate solution to form a ThO3 sol. This sol could be tray dried at 363K
to give cracked gel fragments, which when compacted and calcined at 1423K in air and then
4% Hap/Ar (to reduce UOj3 to UO7) gave a homogeneous solid with 98% theoretical density.
These solids were achieved at significantly lower temperatures than required by conventional
fabrication techniques, where 2000K was often used to achieve densification.

Internal gelation of the sol, to form spheres, was pioneered in the Netherlands in the
60’s by Hermans® and developed by the UKAEA and AGIP Nucleare Sp. A. Milan in the
70’s.10 The technique developed entails feeding solutions of plutonium and uranyl nitrates
(containing an organic gelling aid and modifying agent for stabilization) through a vibrating
orifice which forms droplets. These fall into aqueous ammonia where they form mixed
hydroxide gel spheres. The spheres are dried and then debonded in CO7 to remove organics
and sintered to dense solids at 1723K in 5% Hj/Ar. This process has been successfully

developed to produce highly uniform spheres with two diameters of 80 and 800 wm, which are



then loaded into fast reactor pins by vibrocompaction — again without the production of
radioactive dusts.

At the same time Roy and coworkers11-14 were using the sol-gel route to synthesize a
large number of novel multicomponent ceramic oxides, eg. Al, Si, Ti, Zr etc. from
organometallic precursors rather than metal mineral salt precursors. Thus tetraethyl orthosilicate
(TEOS), aluminium isopropoxide and tetrabutyl titanate were hydrolysed in alcohol solutions
to create, upon drying, amorphous ceramic powders which were then sintered to form glassy
melts of the following multi component systems; (MgO-Al203-Si07),15 (Ti03-Si05), (BaO-
Ti07-Si0) and (BaO-CaO-Ti0;-Si05).16 Like the thorium systems described above, the
powders obtained from this sol-gel process when sintered formed ultrahomogeneous glasses at
temperatures hundreds of degrees below the normal melting range. 17

Much attention has been paid to the production of monodispersed submicron powders,
in order to obtain denser packing and lower sintering temperatures than can be achieved with
non spherical grains and powders. The principles that determine the formation of
monodispersed particles were detailed back in the 40’s by La Mer et al 18.19 on sulphur sols.
The sulphur particle growth occurred in acidified sodium thiosulphate or ethanolic sulphur
solutions diluted in water. They found that the molecular sulphur concentration in H20 could
be increased past the saturation concentration to a super-saturation concentration.
Homogeneous self-nucleation then occurred, followed by particle growth due to diffusion of
molecular sulphur to the nuclei, until the molecular sulphur concentration equalled the
saturation concentration and growth stopped. By using low concentrations (10-2 mol dm-3 or
less), only a single burst of nucleation occurs, in a short time interval, and uniform growth
follows because diffusion of the molecular sulphur to the nuclei does not cause a large enough
increase in the local molecular sulphur concentration around the nuclei to cause further bursts
of nucleation.

Stober et al 20 extended these qualitative findings to show that, when using ammonia as
a catalyst for the hydrolysis of TEOS, the morphology and the size of the powders formed
could be controlled by a number of factors, including the type and concentration of catalyst

used for gelation, type of alkoxide used and reactant temperature and thus developed the



so-called “Stober spherical silica powder”. The qualitative approach to homogeneous
nucleation has been applied to many sol-gel processes, for example: hydrothermal processing
of solutions, vapour-phase reactions and the controlled hydrolysis of alkoxides.

Since then the work of the nuclear industry, Roy and Iler has been built upon, and there
is now a plethora not only of colloidal powders but films, glasses, fibres etc that can be made
from the sol-gel route using such techniques as spray drying, spin coating and hypercritical
drying. Many different types of ceramics are now available, such as oxides, carbonates,
hydroxides and sulfides of Al, Si, Ti, Zr, Fe, Co, V, Nb, Ce, Cr, Y, Sr, U and the range is
still growing.

The sol-gel processing of transition metal oxides was extensively reviewed by Livage et
al 21 in 1988, and since then the field, especially the use of transition metal alkoxides, has
flourished. Without doubt, the two biggest areas of research in the sol-gel processing of
transition metal alkoxides have been in the formation of high temperature superconductors
(such as yttrium barium cuprate) and ferroelectric materials such as the titanates, though
numerous other systems have been examined. The sol-gel route is attractive both in achieving

atomic scale mixing of the components and as a method for thin film growth.

1.2.1 High Temperature Superconductors
Sol gel processing of YBapCu3z07.x (YBCO) and bismuth - strontium - calcium -

copper - oxygen (BiSCCO) superconductors, through the variation of the process parameters,
offers a high degree of microstucture control, homogeneity and lower sinter temperatures. In
the formation of YBCO films, soluble copper (IT) methoxyethoxide (Cu(MoE)7)22-24 is now
the preferred precursor due to the insoluble oligomeric nature of many other copper(Il)
alkoxides. Alkoxides used for yttrium and barium vary from ethoxide 25,26 and ethylene
glycoxide26 to methoxyethoxide22.27.28 whilst highly polar solvents such as methoxy ethanol,
methyl ethyl ketone22.24.28 or amines25.20 are used in order to promote the solubility and
complexation of the metal alkoxides in solution.24

Epitaxial thin films of YBCO can be grown on such substrates as SrTiO3,29 ZrO;,30

and sapphire.22 For these films the water to metal alkoxide ratio affects the transition



temperature (the temperature at which zero resistance is observed,T.(zero) = 78-83K) and
sharpness of the paramagnetic to diamagnetic transition.2? Addition of organic additives such
as pyridine, lutidine and toluene 2,4 disulfonic acid to the precursor solutions affects the ability
of the sols to cover the various substrates, such as SrTiO3, ZrO», sapphire, SiO5 and Si.22.28

Sintering rates and temperatures of the films are important; for example, the copper
concentration on the surface layer increases upon elevation of the heat treatment temperature
due to Y and Ba diffusing into the bulk phase.3! The 123 superconducting phase undergoes
initial crystal growth at <700°C and forms single phase 123 YBCO at 8500C.23.30 At >9000C
the films react with the substrate, decomposing to give the 211 YBCO phase (ie Y:Ba:Cu is
2:1:1) and Cu0.30

Pellets of 123 and 124 phase YBCO have been prepared by the production of powders
from citrate and oxalate precursors.32-34 The procedure is highly reproducible, and permits
easy fabrication of highly pure and homogeneous superconductors by eliminating the need for
such steps as centrifugation, filtration, and pH control.33 Powders with particle sizes of lower
than 3um lead to pure phase superconducting powders (>99.5% purity) after firing in flowing
03 at 900°C (for the citrate precursors) and 950°C (for the oxalate precursors).32.33 The 123
phase pellets formed after annealing in flowing O, at 750 and 800°C exhibited zero resistance
at 70K and 80K respectively.34 The 124 phase pellets formed after annealing at 780°C and 1
atmosphere of O3 followed by furnace cooling to room temperature or quenching in liquid N2
(124 phase), exhibited a Tc(onset ) of 80-83K and a Tc(zero) of 76-69K.34 Finally, fibres of
123 phase have been prepared from a single heterometal alkoxide precursor using ethyl
acetoacetate and ethylenediamine. After firing at 950°C for 10 hours in Oy, the T¢(onset) of
these fibres was 94K .35

Films of sol gel processed Bi-Sr-Ca-Cu-O have also been prepared. Excess Ca and Cu
and firing at 8500C for 48hrs at a 30° /min heating and cooling rate, are used to counter losses
due to volatility and are effective in processing films with a T.(onset) of 125K and a T¢(zero)
of 115K.36 Likewise, pellets of sol gel processed, lead-doped Bi-Sr-Ca-Cu-O have been
characterized.37 Prepared via an oxalate precursor, in ethylene glycol, the pellets gave a

Tc(onset) of 140K and a T¢(zero) of 104K. Analysis by FTIR and XRD suggests that lead



doping (CapPbO4) catalyses the formation of CapCuQO3 at 650°C. This phase acts as a flux to
fuse BipSrpCaCup0g4x, CuO and excess CapCuO3 to give the high-T. 2223 phase,
BipSrpCasCu3zOq4x at 840K. Finally, TlpCaBayCuyOg4x superconducting powders with
transition temperatures of between 100 and 110K have been developed using Ba, Ca, TI,
methoxyethoxides and copper ethoxide in a mixed 2-methoxyethanol/methyl

ethylketone/toluene solvent system.38

1.2.2 Ferroelectric materials

Titanates

The potential market for thin films of ferroelectric materials for non-volatile
semiconductor memories is calculated to be $1 billion within the next three years.39
Non-volatile memories have the advantages of high access speed, high density,
radiation-hardness and low operating voltage. The titanates form a very large percentage of the
currently available ferroelectric materials. Thus, BaTiOj3 is a diclectric and has applications as a
capacitor and sensor. Conventional processing of these materials relies on high temperature
solid state reactions (1100-1350°C), and tends to produce coarse and inhomogeneous
materials. Furthermore, impurities introduced by ball milling greatly lowers the electrical
characteristics of these materials. Sol gel processing circumvents many of these problems.

A large number of the useful phases of the barium titanate system have now been
obtained by the hydrolysis of metal alkoxide precursors. Unlike the high temperature
superconductors, there does not seem to be a solubility problem in using short alkyl chain
alcohols as alkoxide precursors. Thus, Ba(OEt); and Ti(OEt)440-42 are commonly used as well
as Ba(OAc); and Ti(OiPr)4.43:44 Recently, there has been interest in the synthesis of bimetallic
barium titanium alkoxides, as precursor materials; compounds such as BagTij3(13-0)12(u5-
0)6(n1-n1-OCH2CH20OCH3) 12[(11,143)-N2-OCH2CH2OCH3] 12 have been synthesized and
characterized as single crystals by x-ray diffraction, and 13C, 170, and !H NMR in the solid

and solution states.45
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BaTiO3 powders with 90% relative density have been obtained from the hydrolysis of
barium acetate and titanium (IV) isopropoxide, in the presence of acetic acid, followed by
sintering at 1000°C.46 BaTiO3 powders with a high dielectric constant (4000) at 20°C were
obtained upon direct sintering at 1150°C and exhibited a fine grain microstructure.#6 This
dielectric constant decreased in samples sintered above 1200°C due to the high grain growth
1ale at elevated temperatures, BaTiO3 pellets have also been prepared from the calcined BaTiOs
powders.4! Prehydolysing Ti(OEt)4 and then mixing with Ba(OMe); to give Ba/Ti ratios of 2:9
and 1:5 yielded powders of, BaTi5O1; at 700°C from the 1:5 precursor, and BasTigOq at
1200°C from the 2:9 precursor.42 Crystalline BaTigOg powders have also been formed.44

Lead zirconium titanate (PZT) has numerous uses. As a ferroelectric it is used as a
non-volatile memory. It is used as an IR detector because it is a pyroelectric and its nonlinear
optical properties find many uses, such as in thin film waveguides where laser light is
“channeled” or directed and modified.3® A recent review of this area focuses on the process
optimization and characterization of “device-worthy” sol-gel based PZT for ferroelectric
memories.*’ High quality films and mouldings of PZT have been prepared from Pb, Zr and Ti
alkoxides such as eg Pb(OBu)y, Ti(OBu)s and Zr(OBu)4.48-49 To grow PZT films a
stabilising agent is usually added to prevent abrupt hydration. When this agent is acetate (>5
mols acetate/mol Pb salt), PbZrq o.1.0Tig.0-1.003 films have been prepared having a dielectric
constant of 150-4000, a dielectric loss factor of 0.001-0.08 and a saturation polarization of 0-
80 uCcm-2.49 PZT crystals (Curie temperature of 340°C) and monodispersed PZT particles
have also been prepared by the hydrolysis of a mixed metal alkoxide.30:51

Like PZT, lead titanate is a ferroelectric material which, due to its pyroelectric and
piezoelectric properties is used as a pyrodetector and acoustic transducer.3 Films, powders
and gels of PbTiO3 have all been prepared by sol-gel routes, usually using lead acetate,
Pb(OOCMe)y, and titanium alkoxides such as titanium isopropoxide and titanium
methoxyethoxide in methoxyethanol.52-34 1H and 13C NMR have been used to identify the
actual precursors present in methoxyethanol solution when titanium isopropoxide and lead
acetate are used as the starting alkoxides. These techniques reveal that the precursors present in

solution are Pb(OOCMe)(OC2H40Me).xH»0 (x<0.5) and Tiz(OCH4OMe)g respectively, as
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well as a mixed Pb-Ti complex.52 PbTiO3 powders show an increase in surface area, pore
diameter and pore volume with increasing water concentration during the hydrolysis step.33
Thus, organic decomposition temperatures decreased with increasing water concentration.

Niobates

Whilst sol-gel processing of the niobates is not, presently, as common as that of the
titanates, there is reason to expect this route to gain in popularity. Both niobium ethoxide and
tantalum ethoxide offer very convenient precursor materials for the sol-gel synthesis of the
niobates, and are currently the main ones in use, although their use seems to have been limited
to the production of lithium niobate and tantalate.55-58 Lithium niobate (LiNbO3) is a
piezoelectric material, used as a pyrodetector. Lithium tantalate (LiTaO3) is a non-linear optical
material used as a waveguide device, optical modulator (converting acoustic frequencies into
light intensities) and second harmonic generator (frequency doubling,modifying an input
frequency () to give an output frequency of (2w).39 Pb(Mg;/3Nby/3)03 (PMN) is a dielectric
material and is used as a capacitor and memory.39

LiNbO3 films have been prepared using lithium ethoxide or lithium
methoxyethoxide.33-56 Upon sintering, randomly orientated polycrystalline layers on Si and
grain orientated layers on sapphire and Pt substrates may be grown.35 The morphology of the
films formed from a Li and Nb ethoxide solution was dependent on substrate, precursors and
grain growth at high annealing temperatures.36 Prehydrolysis of the lithium and niobium
ethoxide solution promoted polycrystalline films, whereas nonhydrolysis produced solid state
epitaxial growth of LiNbO3 films.56 Whilst prehydrolysis of the alkoxides causes greater
hydrolysis and condensation (leading to greater loss of organics, less “burn-out”) and thus
lowered the temperature at which grain growth occurred, the nonhydrolysed precursor on
sapphire produced a denser film and unexpectedly large single phase domains.56

LiTaO3 powders produced by the sol-gel synthesis of Li and Ta alkoxides enabled the
elaboration of ceramics at temperatures below 1150°C.57 These ceramics showed a higher
shrinkage coefficient and lower sintering temperatures than similar ceramics produced by solid
state reactions. The thermal dependence of the permittivity and Curie temperature was

correlated with the microstructure of the ceramic and the quantity of water used to hydrolyse
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the sample.57 Use of lithium acetate, instead of alkoxide, gave upon hydrolysis gels whose
gelation time decreased with the increase in either acid or base concentrations or higher water
concentrations.>® These amorphous gels became crystalline after firing in air at 450°C for 2
hours.

Perovskite phase PMN powders have been prepared at sinter temperatures of ~700°C.
The perovskite phase developed at a faster rate in gels prepared with higher water content.59
Approximately 95% perovskite phase developed after 1 hour at 700°C or 5 minutes at 775°C.
Films of PMN were formed on Pt coated Si and the perovskite phase formed by fast firing the

films at 800°C. The dielectric constant for these films was 1000-1250 at room temperature 59

1.2.3 Other Sol-Gel Processed Transition Metal Oxides

Zi :

Zirconia (ZrO») is an important structural and high temperature material, whose fibres
are used for thermal insulators, catalyst conductors and reinforcements for metals, plastics and
ceramics.0 It is also a high performance ceramic with possible uses as the solid electrolyte in
third generation fuel cells and as a substrate for the oxide superconductors.®0 Simple alkoxides
and chloroalkoxides of butanol,60 propanol,61-64 and ethanol®5 are the usual precursor
compounds for the sol-gel synthesis of zirconia. The hydrolysis and condensation steps
occurring have been studied in some detail. Raman spectroscopy shows that hydrolysis occurs
immediately water is added.6! A mechanism for the growth of the gel backbone has been
proposed which describes the aggregation of the primary clusters formed in the sol upon
addition of water.6! The gel thus formed is amorphous Zr hydroxoxide. The particle size of
ZrO; powders produced via hydrolysis of Zr alkoxides increases as the ageing temperature, or
the water/ alkoxide ratio or the size of the alkyl groups on the solvent increase.%¢ Xerogels are
formed when the water/alkoxide ratio is less than 4 and the pH of the hydrolysis water is 2.66

Amorphous thin films (<0.1um) of zirconia can be formed upon sintering dip-coated
layers of zirconium alkoxide or chloroalkoxide at <4500C.63.65 Upon sintering at >500°C,

these films form orientated tetragonal ZrOj monocrystals.63 Fibres of zirconia with diameters

of 5-10um and 3-30um were drawn from HoO2/HNO3/Zr(OBu)4 and HoO/PriOH/Zr(OPr)4
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systems respectively.60:62 The sintered fibres had fine microstructure and very narrow size
distribution. The grain size increased from 0.1jtm at <1000°C to 1um at 15000C.60

Mixed metal zirconia fibres and films have also been prepared by the sol-gel method.
Ca072-ZrO3 and CeO7-ZrO; fibres, sintered at 1000°C, with maximum tensile strengths of
0.8-1.0GPa and 1.0-1.2GPa, respectively, and diameters of 10-15um, have been prepared
from Zr(O"Pr)4, Ce(NO3)3.6H70, Ca(NO3)2.4H20 and Ca(MeCOO0);.67 Interestingly, the
strength of the acetate-derived films decreased at a faster rate, with increasing fibre diameter,
than the nitrate-derived fibres. This feature was ascribed to the sudden removal of acetate, at a
given and unique temperature, which caused microcracks in the fibres. Addition of small
amounts of CuO as a sintering aid greatly improves the mechanical properties of the fibres,
with tensile strengths of 1.8-2.0GPa achieved. Y7203-ZrO; crystalline films have been
obtained upon sintering at >500°C. The crystal phases of ZrO7 within these films is dependent
upon the percentage composition of ZrQO; and the sintering temperature.8

Titania

The photoelectrochemistry of TiO; is of great interest as both the rutile and anatase
phases can act as catalysts for the photochemical cleavage of water.69 The anatase phase is a
stronger catalyst and greater absorber of O and H»O than the rutile phase due to its defective
crystal structure.69 As anatase is a thermodynamically metastable phase, single crystals and
sintered bodies of anatase cannot be obtained by conventional methods. Sol-gel processing of
TiO; offers a method of obtaining this metastable phase, due to its lower sinter temperatures.©

Films of TiO; have been prepared from the hydrolysis of Ti(OiPr)4,69.70 and
Ti(OA)4,”! where OA = OEt,0Bu” or poly(n-Bu methacrylate). Below 500°C the films remain
amorphous; however, between 500-800°C the anatase phase is formed, and above 800°C the
rutile phase forms.09-71° A maximum photocurrent is observed after the gel is heated at 900°C.
The increase in photocurrent with increasing heating is due to an initial increase in the
concentration of Ti3* caused by the reduction of Ti4+ by undecomposed organic residue.
Further heating, however, causes a decrease in the specific surface area and Ti3*+ concentration
due to the reoxidation of Ti3*+ to Ti%*, resulting in a lower photocurrent.99 Monodispersed

TiO, particles can be formed by the hydrolysis of Ti(OA)4 where OA=OEt or OiPr.72.73 They
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have diameters of ~0.7um and transform from the amorphous state to anatase at ~400°C and
the rutile phase at ~900°C.

A number of mixed metal titania systems have been prepared by the sol-gel process
using metal alkoxide precursors, including CeO,-TiO2,74 LiTip(PO4)2,75 and SiOy-ZrO;-
TiOy-AlL03.76 77

Vanadates

V705 gels have been prepared from vanadium oxo-alkoxides’8:79 and alkoxides.80 The
red “jammy” gels derived from hydrolysis of VO(OAmt)3 with a large excess of water exhibit
electronic and ionic behaviour comparable to V205 prepared using inorganic precursors,
whereas stoichiometric hydrolysis of VO(OPr™)3 gives gels which are orange monoliths and
have a highly branched polymeric molecular structure.”8 Amorphous V,Oj5 particles have been
prepared, due to inhibited or incomplete hydrolysis of VO(OBuM)3.79 If the condensation
reactions are inhibited then green precipitates are formed from aggregates of particles with
small molecular weights. These have short structural units with terminal hydroxide groups. If
the hydrolysis is incomplete, red precipitates are formed with terminal alkoxide groups in their
structural units.” Coatings of V205/GeO; (70:30) were prepared from VO(OCHMe;y)3 and
Ge(OEt)4.8! The films, dried under vacuum at 500°C, showed apparent reversible
transmission hysteresis with temperature, indicating the possibility of their use as erasable
optical storage media.8!

Vanadium dioxide (VO3) undergoes a reversible, thermally induced semiconductor to
metal phase transition at 68°C, and exhibits large changes in its optical, electrical and magnetic
properties around this transition. This behaviour has prompted considerable interest in V0,.82
Thin films of VO, were prepared from V(O!Bu)g in PriOH. After annealing at 600°C, they
underwent a reversible semiconductor to metal phase transition at 72°C, exhibiting resistive
and spectral switching comparable with VO, films produced by other techniques.82 If they are
doped with hexavalent transition metal oxides, the transition temperature drops.

Tungsten, Molybdenum and Tin Oxides

WO3 gels have been prepared from W(OEt)g and [WOCl4_x(OiPr)], precursors.83:34

Hydrolysis gives a tungsten oxide colloid sol, which can be dip coated to give amorphous thin
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films. These films have electrochromic properties (see section 1.3). Left at room temperature in
humid air they form crystalline WO3.H,O. Upon sintering at 410°C the amorphous films form
crystalline WO3.83.84

MoOClI4.x(O"Pr)y reportedly hydrolyses to form xerogels of (MoO2Cly),.85.86
Sintering of the xerogel at 600°C transformed the oxide into MoO3 and upon further heating at
900°C produced MogO»3. These latter two oxides were characterised by IR spectroscopy.

A couple of studies have been reported on the mechanisms and products of Sn(IV)
alkoxide hydrolysis and condensation. Sn(O'Bu)4 was studied in solution as a model system,
in order to establish whether it is possible to distinguish between different Sn-alkoxide ligand
bonding modes i.e. terminal vs doubly bridging vs triply bridging.87 The sol-gel condensation
of Sn(OEt)4 has also been examined.88 Under basic conditions it produced spherical 2-3nm
size Sn(IV) oxide (cassiterite) particles. Hydrolysis of ZnSn(OEt)g under identical conditions
produced spherical or octahedral crystalline particles of ZnSn(OH)g depending upon the
solvent used.88 Sintering of ZnSn(OH)g resulted in the formation of ZnSnO3 at ~676°C.
Hydrolysis of ZnSn(OEt)g at neutral pH resulted in the formation of a high surface area
powder (261m?2g-1).

Thus research in the sol-gel processing of advanced ceramics is both extensive and
vigourous since it offers a low temperature route to high purity ceramics and has the added
advantage of offering a high degree of control and manipulation of the physical forms of the

product ceramic.

1.3 Electrochromism

Electrochromism is defined as a persistent but reversible optical change produced
electrochemically. That is to say, a material which can be reversibly coloured by the application
of an electric field or the passage of current and ions through it, is called an electrochromic
material. A major requirement of an electrochromic material is that it exhibits mixed
conduction, ie. both electronic and ionic conductivity. Typically a metal redox centre is
generated by injecting electrons, and for charge neutrality to be preserved cations must be

allowed into the material. Since it is usually the movement of ions which is rate-limiting,
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materials with fast ion conduction at room temperature are desired (usually with H*, Li* or
Nat ions). Often such materials are amorphous and of low density so as to provide an open
framework for rapid ionic diffusion. Amorphous materials also have the advantages of
flexibility of composition, high concentrations of vacancies for ionic motion and generally are
more easily prepared as thin coatings necessary for display devices. A common feature of an
electrochromic material is that, unlike liquid crystal displays, once the material is coloured the
applied voltage can be switched off and the colour is retained, making the device more energy
efficient. Thus, industrial research is intensely active in this area because of the potential
applications in energy efficient display devices.

Research in this area came out of work done in the 60’s on photochromism, which at
the time was hoped to produce a technique for high density information recording.89 A number
of transition metal oxides were examined (WO3, MoO3, TiO7, V205) but when films of these
oxides were irradiated with UV light, the colour change observed was irreversible. However,
Deb realised0:91 that amorphous films of these metal oxides and specifically films of WO3
could be reversibly coloured and bleached by the application of an electric field across the WO3
with the injection of H* and e- ions, rather than by UV light. This led to intensive investigation
of electrochromic materials, such as W03,92 W0O3/M003,93:94 Prussian Blue95 and organic
molecules such as alkyl viologens.9¢ Although a wide variety of compounds exhibit
electrochromism, most work in this area has been directed at metal oxides with much attention
given to W03.9798 The reason that metal oxides and inparticular, WO3, are so popular is that
they satisfy two basic requirements of good electrochromic performance, ie, that they are fast-
ion conductors, thus allowing for relatively fast insertion of ionic charge, and that they have
highly absorbing colour centres, thus giving a large visible change in colour upon ion
insertion,93

Tungsten (VI) oxide is known as an ion insertion material,% that is to say, amorphous
WOj3 is a mixed conductor (electronic and ionic) in which ions can be rapidly and reversibly
inserted. A typical electrochromic cell is shown in Fig. 1.3. The WO3 film (on an electrode
surface, commonly indium-doped tin oxide (ITO) glass) is placed in contact with a medium

(liquid, gel or solid) which can supply ions (M™*). For ease of transport, small singly charged

17



transparent electrode

L4
TIrIrTrirrrrrrrrr oo v LY
III!IIII!III!!III!-"I
‘\.\‘\b\-\\\ T T T Y

1 WA WAL
(ARJRJRYENE
PN -

\ \\\\\\\\\\‘\\\

electrolyte

electrochromic oxide /
electrode

ions such as H*, Li* and Nat+ are commonly used. A cathodic voltage is applied across the
WOs3 of sufficient strength to enable two migratory process to occur: (i) electrons are drawn
into the WO3 from the electrode/WO3 interface, and (i1) M+ diffuses into the WO3 from the
WOs/electrolyte interface. This voltage is known as the "colouring voltage". The injection of
electrons and ions into the WO3 forms a "tungsten bronze" of formula MyWOs3 causing the
blue colour seen in the bronze (see eq. 1.1):

XM+ + xe- + WO3 =— M,WO3 (1.1)

yellow blue W-bronze

M+ can be H+, Li*, Na*, and so on.
When an anodic voltage (bleaching voltage) is applied, the reverse reaction occurs with the M*
ions moving out of the MxWO3 and bleaching the WO3 back to its normal pale yellow colour.
A second electrochromic oxide layer is often applied to the counter electrode, so that the redox
efficiency of the counter electrode matches that of the working electrode, thus assuring long
term stability. In cathodic colouration working electrode cells, an anodically coloured counter
electrode film can also be used.

Many different morphologies of WO3 have been used, from amorphous thermally

evaporated to polycrystalline radio-frequency sputtered films in contact with a wide variety of

electrolytes. However, the creation of stable practical devices has been hindered by the
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problems of film dissolution in the electrolyte. The use of aqueous sulphuric acid solutions as
electrolytes causes the slow dissolution of WOj3 into the acid at up to 2.5 nm/day.91,92,100,101
The use of nonaqueous solvents containing electrolytes such as LiClOy4 also causes dissolution
of the WO3 as well as slow response times and irreversible colouring.92.102-104 Finally the use
of gel/solid electrolytes, such as Na-B-alumina gives slow response times.98,105

Much research has been devoted to solving these problems and not surprisingly interest
has turned to electrochromic metal oxides other than WO3 which might not dissolve so readily
in liquid electrolytes. In 1980, Reichman and Bard reported the electrochromic behaviour of
Nb;Os in both aqueous sulphuric acid (1Imol dm-3) and acetonitrile/LiClO4 (0.8mol dm-3)
solutions.106 The NbyOs did not appear to dissolve in either sets of solutions and exhibited a
fairly reasonable response time (ie the time required to complete a colouration or bleach cycle)
of 1-2 secs. This stability and response time also makes NbpOj5 ideal for use as a counter
electrode coating. The NbpOs was prepared by heating a rod of pure niobium in air at 500°C
for 10 minutes and then scrapping off patches for electrical contact. Similarly, thin NbyOs5
films have been prepared by anodic107-109 oxidation of the metal, and by oxidation of sputtered
NbNy.110 Unfortunately, although they can be used in reflectance mode, the metal oxidation
routes preclude the use of the electrochromic films in most display devices where the metal
oxide is sandwiched between optically transparent electrodes. Finally, it is also possible to
sputter NbyOs thin films.! 1! However, we decided that the sol-gel processing of niobium (V)
oxide offered a potentially cheap, flexible and effective method for producing such displays
and for modification of the films formed by the production of multicomponent mixed

metal/silicone composites.

1.4 Sol-gel Processing of Nb)Os

NbyOs has a high melting point (1500°C)112 and is resistant to all acids and alkalis
except HF and molten alkalis.!13 These properties make it an excellent corrosion inhibitor if
applied as a film coating to devices, and also enhance its potential use as an electrochromic
material in large area displays. Furthermore, it is a good catalyst for selective dehydrogenation

of propane (450-620°C),!114 and the ammoxidation of ethane to acetonitrile.!15

19



Current methods of producing NbyOs films are inadequate for the production of either
electrochromic display devices or corrosion resistant films. Sol-gel processing of NbyOs films
offers a solution to these problems. It has the advantages of control of porosity and structure,
convenience and the ability to coat large objects with adherent films.116,117 Furthermore, the
method has already been successfully employed in the synthesis of V205, TiO2!18 and
WO3!119 electrochromic devices.

However, the sol-gel process can only be used to make crack-free films of thickness
<0.5 um. Typical electrochromic efficiencies are 10 mC ¢cm-2 for V505, corresponding to an
optical density of ca 0.5 in a film of thickness 0.5um.118 Thus for greater display densities a
method for producing thick (5 pm), crack-free electrochromic films with fast response times
would also be desirable. This is acheived by the application of a mixed niobium oxide/silicone
coating to thick (5 pm) films of NbpOs. The silicone coating dries to give a flexible,

microporous solid which “supports” the original NbyOs film and slows crack propagation.

1.4.1 Niobium chloroalkoxides and Thesis Summary

For the sol-gel synthesis of niobium (V) oxide and niobium (V) oxide composites a
number of possible routes present themselves, the two classical ways being the destabilisation
of a niobium sol and the hydrolysis of a niobium alkoxide. Alquier et all20 conducted a study
of these routes and drew the following conclusions:

i) NbpOs aqueous sols could be created by the action of deionised water upon NbCls to
give a white gel of hydrated niobium oxide. This gel could then be redissolved in acidic water
(pH<2) over a period of 24 hours to give the niobium sol. The sol thus obtained was found to
be extremely sensitive to electrolytes and pH changes, flocculating immediately, whilst use of
temperature to destabilise the sol required long ageing times (48 hours+). The relatively long
times required for this synthesis and its lack of reproducibility precluded its use as a route to
reproducible niobium (V) oxide gels. Furthermore, although hydrolysing the NbCls in

hydrogen peroxide gave reproducible sols and gels, the procedure was lengthy.
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i1) Niobium alkoxides dissolved in dry alcohol can be hydrolysed to give niobium (V)
oxide. Whilst quick and simple, the alkoxides are expensive and thus a cheaper route would be
preferred.

iii) Dissolution of niobium (V) chloride in alcohol gives a solution of niobium
chloroalkoxides which, upon addition of water, hydrolyse to give niobium (V) oxide. Not only
is this method quick, simple and reproducible, but niobium (V) chloride is about 10 times
cheaper than niobium (V) ethoxide (the only commercially available niobium alkoxide). These
advantages make it a very attractive route for the sol-gel synthesis of NbpOs.

In chapter 2, 93Nb NMR and !H NMR is described as a means of identifying the
substitution products, (NbCls5-x(OMe)y)2 formed by the stepwise substitution of NbCls by
MeOH in non-coordinating solvents. These techniques reveal evidence for all of the possible
substitution products, NbCls.x(OMe)y, whilst phase equilibria favours the formation of
(NbClI4(OMe))2 and (NbCl2(OMe)3), dimer species over (NbCl3(OMe)z)2 in mixed
MeOH/aromatic solvents. In coordinating solvents such as acetonitrile 93 Nb NMR is able to
distinguish between the uncoordinated dimeric (NbCls.x(OMe)x)7 species and the monomeric
adduct species NbCls.x(OMe)x.AN. Thus 93Nb NMR monitoring of NbCls solvolysis in ROH
(R=Me, Et, iPr) is able to identify the (NbCls5.x(OR)x)7 species present and reveals that the
solution composition is both concentration and temperature dependent. This refutes earlier
beliefs that the reaction of NbCls with ROH proceeds:

NbCls + xROX — NbCl54(OR)x + xHCI (1.2)
where x=2 or 3,121 or x=3 when an excess of ROH is added.120.122

Chapter 3 is concerned with the investigation of the sol-gel processing properties ( eg.
hydrolysis and gelation rates) of various (NbCls5.x(OR)x)7 solutions in their parent alcohol.
This includes studies of the effects of manipulation (concentration, acid catalysis, alcohol type
and Nb:H,O ratio) upon the hydrolysis and gelation rates of these solutions, as well as detailed
analysis of the gelation products which prove hydrated NbyOj is formed, rather than
NbCl(OH)3, as proposed by Alquier et al.120 A discussion of the possible mechanisms of the

observed gelation rates is also undertaken.
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Chemical additive methods for forming thick uncracked films of NbyOs are investigated
in chapter 4 and include the use of surfactants, drying control chemical additives and
“plasticizers”. The use of spin coating techniques allows the successful production of thin
(<0.1pm ) and thick (Sum ) films of hydrated NbpOs5 via sol-gel processing of
(NbCls5-x(OR)x)2 solutions, whilst the application of a second mixed NbO/silicone coating to
the thick NbpOs films produces more durable thick (Spm ) NbyOs/silicone composite films.

In chapter 5, by the use of chronoamperometric, chronoabsorptiometric and a.c.
impedance spectroscopy techniques the electrochromic efficiency, kinetics and lifetimes of the
films prepared in Chapter 4 are measured, compared and discussed. Although the lifetimes of
the thick films are found to be limited, the diffusion coefficients of these films are comparable
to those of previously reported sputtered NbyOj5 films. However, the thin films are shown to
have a dense durable glass structure that inhibits diffusion and acts in a similar manner to
conducting polymer films.

Chapter 6 investigates the electrochemistry, studied by cyclic voltammetry, of a number
of Nb(V) precursor species (eg NbCls, (Nb(OEt)s)2 ) in organic and aqueous solvents prior to
the attempted electrodeposition (in chapter 7) of films of NbyOs, from these solutions, by
modified sol-gel techniques.

Chapter 8 covers two sets of novel chemistry of Nb(V) compounds discovered during
the course of our research, not covered elsewhere in the thesis. These are the reaction with
ferrocene of CsNbClg and NbCls.AN to form CspNbClg and CpaFeNbClg (CpoFe* is the
ferricenium ion) respectively and the unexpected hydrolysis of solvent acetonitrile to NH4Cl in
solutions containing NbCls and ROH. Samples of CpaFeNbClg have been investigated by
ESR spectroscopy and show the ferricenium spectra at 293K. Multinuclear NMR of the NH4Cl
forming solutions reveals that the hydrolysis route is via a Pinner synthesis mechanism.

Finally, in chapter 9, details of instrumental, preparative and electrochemical methods

used in the course of this research are given.
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NMR_Studies of Niobium Chloroalkoxid

2.0 Intr ion

Sol-gel processing of metal alkoxides offers a convenient route to single-component and
mixed metal oxide ceramics from pure starting materials.! This route is also extremely useful in
casting thin ceramic films.2 In work aimed at producing sol-gel derived electrochromic thin
films3 of NbyOs we became interested in the reactions of NbCls with alcohols to give
chloroalkoxides which are precursors to Nb containing oxides and ceramics in the sol-gel
process. A precise knowledge of these precursors is necessary for full elaboration of the
sol-gel processing mechanism, in order to permit rational modification of the final ceramic. In a
recent review? the reaction of NbCls with ROH proceeds to give NbCls.x(OR)y, where x = 2
or3:

NbCls + xROX — NbCl5x(OR)x + xHCI 2.1)
However, other workers have claimed that only one species, NbClp(OR)3, was present when
excess ROH is added to NbCls.5-7a

We felt that a detailed 93Nb NMR investigation of this system would resolve this
problem, in a similar manner to the study of [NbClg.x Bry]~ species.8:9 Although 93Nb is
quadrupolar (I = 9/, Q/10~28m?2 = —0.2)9 the broadness of the lines is compensated for by a
wide Nb(V) chemical shift range (~1500 to +500 p.p.m.) and good sensitivity (93Nb is in

100% abundance). Nevertheless, the lines are too broad for spin-spin coupling to be observed.

Results and Discussion

2.1 Model Systems
2.1.1 Synthesis of NbCls.x(OMe)y_Species in Aromatic Solvents

In order to determine the identity of all probable species present in the alcohol solutions,

controlled equivalents of MeOH were added to a 0.05 mol dm-3 suspension of (NbCls); in
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benzene and the solutions sonicated for 15 minutes. The 93Nb spectrum of (NbCls), in
benzene consists of a single peak at ~2.6 p.p.m., slightly broader at (FWHM = "full width at
half maximum" = 20Hz) than the [NbClg]- reference peak (FWHM 7Hz) run under the same
conditions. On incremental addition of MeOH, much HCI gas and heat is liberated. The
solutions change in colour from red through orange to pale yellow, and the 93Nb spectra, for
the various Nb:MeOH ratios are shown in Fig. 2.1(a-e). One would expect to see five peaks,
one for each of the NbCls.x(OMe)y species (x=1,2,3,4,5), yet only four different peaks are
observed during the experiment and in each spectrum one peak is dominant. Assignments are
given in Table 2.1.

Fig.2.1 (a) shows that upon addition of 1:1 Nb:MeOH, the NbCls species is replaced by
a single peak at -495ppm, whilst in the 1H spectra only a single peak at 3.80ppm and no free
methanol peak (3.5ppm) is observed, implying that all the MeOH has coordinated with the
NbCls to form NbCls(OMe). The possibility of Nb=O species being formed can be ruled out,
since addition of wet benzene to a suspension of (NbCls)2 in benzene gave a sharp signal at
-535ppm, and -515ppm in toluene, due to the previously observed NbOCI3 2 and ruling out an
oxygen abstraction reaction by the niobium with the methanol to give NbOCI3. On standing
small amounts of the NbCl4(OMe) species precipitated out. The assignment of the 93Nb peak
to NbCl4(OMe) was confirmed by dissolving an authentic sample in deuterated toluene (see
experimental). It gave a single 93Nb peak at -495ppm (FWHM 1200Hz).

Schonherr and Kolditz have shown by use of ebullioscopic measurements that, in
benzene, NbCl4(OMe) exists as the dimer, even down to concentrations of 10-3 mol dm-3.72
It seems highly probable then that in toluene NbCI4(OMe) would exist as the dimer
(NbCl4(OMe)); and low temperature 'H NMR of NbCls(OMe) in deuterated toluene confirms
this; 2 peaks are seen in a 1:1 ratio (Table 2.2) due to the axial and equatorial methoxy groups
of the dimer. However, the absence of bridging methoxy 1H resonances is surprising since
bridging/ terminal exchange should have been frozen out at this low temperature. We can only
conclude that the thermodynamically most stable isomers are those with bridging Cl- ligands.
These axial/equatorial methoxy peaks coalesce at about 293K. V.C. Gibson’? has recently

obtained the crystal structure for (NbCI4(OR))2 (R is a Me or Et group) and shown that the
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Fig. 2.1. 93Nb NMR spectra (at 293K) of 0.05 mol dm-3 (NbCls), in benzene with the
following added molar ratios of MeOH: (a) 1; (b)2; (c)3; (d)5,(e) 5 + NHj3 bubbling to

force complete conversion to Nb(OMe)s
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Table 2.1

Assignment of 9Nb NMR Signals (ppm)? to (NbCl5.x(OMe)x)2 Species
solvent x=0 x=1 x=2 x=3 x=4 X=5
Benzene 2.6 -497 -650 -810 -1010 -1160
Toluene 2.0 -495 -810 -1005 -1150
Acetonitrile | -0.5/-55 | -495/-560 -850 -1160

(a) All signals £ 7ppm

Table 2.2
1H NMR Signals Observed For NbCl5_x(OMe)y Species at Given Temperatures®
(ppm
Deuterated Species 200K 220K 233K 255K 310K
Solvent
Toluene (NbCl4OMe), 362 3.12 378 3.15 375
(1) (1) (1 () (broad)
Toluene NbCl4OMe.AN 3.90 2.35 398 238
@n_ @ @® @
Toluene (NbCla(OMe)3)2 4.10
Toluene (Nb(OMe)s)2 4.28 4.24 4.03 426 4.02 4.25
@ @ @ (GO QY]
Acetonitrile (Nb(OMe)s)2 4.25 4.15 3.95 3.95
@ @ ad

(a) Figures in parentheses are the relative signal areas.
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alkoxide ligand is found only in the terminal positions. Low temperature 93Nb studies on
(NbCl4(OMe)); in toluene did not reveal two peaks due to the two geometric isomers but gave
a single peak that broadened in line width (FWHM) from 1200Hz (-497ppm) at 298K to
25kHz (-516ppm) at 205K. The failure to see the two isomers by 93Nb NMR is not surprising
considering the broadness of the peaks and is discussed later.

Schonherr and Kolditz72 prepared NbClp(OMe)3 by addition of 5 equivalents of MeOH
to a suspension of (NbCls)7 and observed that the further addition of MeOH did not give
NbC1(OMe)4. Fig. 2.1(d) shows that upon reaction of a 5:1 MeOH:Nb mixture in benzene a
single peak is observed at -810ppm due to NbClp(OMe)3 in the 93Nb spectra. The 1H spectra
of the SMeOH:Nb in CgDg shows a peak due to free MeOH at 3.5ppm in addition to a second
peak at 4.10ppm assigned to NbClp(OMe)j3 (see Table 2.1). The ratio of the peak areas is 2:3
implying that two molecules of MeOH per Nb have failed to react and that the species
NbCl»(OMe)3 is in fact formed. On standing the NbClp(OMe)s species separated out from the
benzene solvent as a dense lower layer. To confirm this assignment, authentic NbClp(OMe)3
dissolved in deuterated toluene exhibits a single peak at -810ppm (FWHM 9600Hz) in the
93Nb spectrum, whilst in the 1H spectrum at low temperatures, a complex pattern is observed.
Riess et all0 observed an identical pattern of peaks, allowing for minor solvent shifts, for the
dimer (NbCl2(OMe)3)2 in CDCl3. They attributed the peaks to a mixture of isomers and
redistribution products. The peaks coalesce near 265K and imply that to some extent the large
width of the 93Nb peak (at 293K) is due to the averaging of the isomers by kinetic scrambling
of the methoxy groups.

Complete substitution to yield Nb(OMe)s was enforced by bubbling NH3 through the
solution.!1 In practice if only 5 equivalents of MeOH is added to 1 equivalent of NbCls, rather
than an excess, then the 93Nb spectra displays a small peak at -1010ppm, assigned to the
NbCIl(OMe)4 species, as well as a major peak at -1160ppm attributable to Nb(OMe)s (see Fig.
2.1(e)). When an authentic Nb(OMe)s sample is dissolved in toluene it gives a peak at
-1150ppm (FWHM 9600Hz) in the 93Nb spectra and an identical temperature-dependent 1H
spectrum to that observed by other authors!2-15 for the dimer (Nb(OMe)s); (see Table 2.2). At

temperatures below 238K, three peaks are seen in the !H spectrum, in a 2:2:1 ratio at 4.26,
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4.24 and 4.03ppm respectively due to equatorial, axial, and bridging methoxy groups in the
dimer. The equatorial and axial peaks coalesce at 238K to give a single peak at 4.26ppm, with
a peak area of 4:1 with respect to the bridging peak at 4.02ppm. These two peaks in turn
coalesce at 309K to give a single peak at 4.25ppm. These temperatures compare with the two
coalescence temperatures found by Riess and Hubert Pfalzgrafl4 of 218K and 278K and
Holloway 16 of 228K and ~292K. Holloway further showed that the activation energy for the

intramolecular scrambling of the terminal and bridging methoxy groups was about 45 kJ mol-1.

2.1.2 Linewidths of (NbCl5.x(OMe)y)> Species

The linewidth at half height (W) for mobile molecular fluids containing quadrupolar

nuclei (I>1/5) is given by:17
3(21+3)(2ne2qQ)2(3+a2)t,
W, = -1 =
12=(Tq) 12012(21-1)h2

(2.2)

where Tq (=T2=T) is the relaxation time, equ the nuclear quadrupole coupling constant, (eq
being the largest component of the electric field gradient at the nucleus with assymmetry
parameter, a,) Tc is an effective correlation time for the molecular tumbling. Therefore, the
higher the local electronic symmetry (ie the lower the electric field gradient (efg) with which the
nuclear electric quadrupoles couples) the less quadrupole broadening of the peaks occurs. Thus
the linewidth can be a useful indicator of the symmetry of the coordination shell of the
quadrupolar nuleus.!7 It is interesting to note that as the degree of substitution increases from
(NbCls); to (NbCl(OMe)3)2, the 93Nb peak line widths at half height increase from 20Hz to
9600Hz, yet further substitution does not increase the line width: (NbCl2(OMe)3)2 has the
same line width as (Nb(OMe)s)2 This increased line width can be explained by two processes:
(a) the fluxionality of the methoxy groups causing a kinetic scrambling of the isomers and
hence an averaging of the isomeric peak positions; (b) quadrupolar broadening associated with
an increase in the efg due to the lowering of local electronic symmetry about the Nb atoms.
This lowering of symmetry has two sources: (i) replacing species X by Y in an octahedral
environment dominated by X; (ii) the ability of OMe to bend and take up different

conformations with respect to the Nb atom. Thus the increase of line width from (NbCls); to
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(Nb(OMe)s)2 is to be expected , while the similar line width of (NbCl(OMe)3)2 compared to
(Nb(OMe)s)2 must come about by the fortuitous interaction of these factors. Likewise the
increased linewidth of (NbCls)2 compared to [NbClg]- reflects the lower pseudo-octahedral
symmetry about Nb in the dimer (NbCls), compared to [NbClg]~.

It might also be expected that Nb-Nb coupling should be observed in these dimeric
species. However this is not the case, because in (NbCls)2 and (Nb(OMe)s)2 the niobium
atoms within each molecule are in identical environments, and in the other NbCls.x(OMe)x
species the fluxionality of the methoxy groups gives very similar environments for the niobium
atoms within a molecule, lowering any potential coupling factor to such a stage that it is

swamped by the large line width.

2.1.3 Disproportionation of (NbCl3(OMe)>)?

The preceding 93Nb and 1H NMR data provides good evidence for the assignment of
x=1,3,4,5 species (Table 2.1 and 2.2). However, it will be noted that a 93Nb peak due to
(NbCI13(OMe)3)2 is not observed. When MeOH:Nb=2 (Fig. 2.1(b)), only peaks assigned to
(NbCl14(OMe))2 and (NbClp(OMe)3); are observed. Therefore it is proposed that in
non-coordinating solvents, such as benzene and toluene, (NbCl3(OMe)p)2 rapidly
disproportionates to give (NbCl4(OMe)), and (NbCl(OMe)3)7 .

2(NbCI3(OMe)2)2 — (NbCl4(OMe))2 + (NbCla(OMe)3)2 (2.3)

The driving forces for this reaction are the lower solubility of (NbCl4(OMe)), and the
stability of the (NbClp(OMe)3)2. Furthermore, at >2 equivalents MeOH, there is always some
unreacted MeOH present, and this separates into a lower MeOH layer largely containing
(NbClp(OMe)3)7, in which it is more soluble.

Plotting peak position against degree of substitution gives the graph shown in Fig. 2.2.
As can been seen, (NbCI3(OMe);) should be expected in the region of -650ppm. It is
believed that (NbCI3(OMe)y), is seen at high concentrations (>0.25 mol dm-3) of (NbCls); in
benzene when 2 equivalents of MeOH are added. As well as the peaks due to (NbClg(OMe))2
and (NbClp(OMe)3)2, a small peak (no more than 5% of total peak area) is observed at

-650ppm.
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“Fig. 2.2.  Plot of the degree of substitution (x) vs observed 93Nb NMR peak position

(ppm) in the species NbCls.x(OMe)y, dissolved in aromatic solvent.
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2.1.4 Attempted Synthesis of (NbCl3(OMe)r), from (NbCls) /(Nb(OMe)s)7 Mixtures

The 93Nb spectra of redissolved (NbCl4(OMe)); , (NbClp(OMe)3)2 and (Nb(OMe)s),
confirm the assignments given in Table 2.1 of the peaks seen in Fig. 2.1(a-¢) but did not
answer the question of why (NbCl3(OMe);)2 was not seen. A different approach was tried in
an attempt to prepare this species, namely the addition of controlled amounts of (Nb(OMe)s)2
to the (NbCls) solution.

A 0.041 mol dm-3 solution of (NbCls); and a 0.050 mol dm-3 solution of (Nb(OMe)s)2
in toluene were mixed together in the following ratios, Cl: OMe, 4:1, 3:2, and 2:3. Gut et al18
claimed this produced NbCls(OMe), NbCl3(OMe),, and NbClp(OMe)j respectively. The
species in solution appear to undergo instantaneous redistribution on mixing giving the spectra
shown in Fig. 2.3(a-c). As would be expected, the 4: 1 Cl:OMe solution (see Fig. 2.3(a))
gives a single peak for (NbCl4(OMe))», likewise the 2:3 solution (see Fig. 2.3(c)) gives a
single peak for (NbClp(OMe)3),. However the 3:2 solution (see Fig. 2.3(b)) did not give a
single peak at -650ppm but 2 peaks at the positions for (NbCl4(OMe)); and (NbCl2(OMe)3)).
If it had, as proposed, disproportionated to give these two species then they should occur in
equal amounts. Despite the apparent differences in peak height and broadness, integration of
the two peaks in Fig. 2.3(b) gives a ratio of 45:55 (NbCl4(OMe))2 : (NbCl2(OMe)3)2,
implying that (NbCl3(OMe);); does indeed disproportionate.

As (NbCI3(OMe)y); at these concentrations and temperature appears to be unstable, a
low temperature study was undertaken. The (NbCls), solution was frozen in the N.M.R. tube
by placing it in liquid N2 . The (Nb(OMe)s)2 solution was then poured on top and likewise
frozen (C1:OMe 1:1) . The frozen sample was then placed in the N.M.R. spectrometer and held
at 223K. Unfortunately atmospheric moisture froze the tube to the spectrometer, so stationary
spectra had to be taken. As the layers thawed, spectra were taken every 100s to try and observe
formation of (NbCl3(OMe)7); . Initially at 223K only (NbCls), was seen, but after 100s some
(NbCl4(OMe)), appeared. Over the 19 spectra taken the (NbCls)2 decreased in size whilst the
(NbCl4(OMe)); peak increased. At this point the temperature was raised to 253K. In the time it

took to raise the temperature some (NbClp(OMe)3), had been formed. After a further 29

38



A Arip o

(b)

(c)

1 N 1 i ! " ! N L L L 1
-300 -400 =500 -600 =700 =800 -900
PPH

Fig. 2.3. 93Nb NMR spectra of 0.041 mol dm-3 (NbCls)2 and 0.049 mol dm-3
(Nb(OMe)s); in toluene, mixed in the following ratios, Cl:OMe; (a) 4:1,(b) 3:2,(c) 2:3.
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spectra had been taken, only peaks due to (NbCl4(OMe))2 and (NbCly(OMe)3), were
observed and at no time was a peak at -650ppm seen. On elevating the temperature to 293K the
sample could be spun and the two peaks were found to be in the ratio 20:80 (NbCl4(OMe)); :
(NbClp(OMe)3); . For a 1:1 mixture that had fully disproportionated to these species the ratio
should be 25:75. For better resolution of the (NbCI3(OMe),);2 peak, the spectral width was
limited to the area in which it might occur and so the (Nb(OMe)s)2 resonance was not

monitored.

2.1.5 The “Half” Species

As the NbCl5.x(OMe)y series of molecules exist as dimers in non coordinating solvents,
it should be possible to create dimers which have an odd number of Cl and methoxy groups.
This would give non-equivalent Nb sites within the dimer, each having a different number of
Cl and OMe groups attached. eg. NbpCl3(OMe)7 or (NbCl3/2(OMe)7/2)2 — the “Half” species.
As the methoxy groups on the NbCls_x(OMe)y series of molecules are fluxional it seems likely
that in such “half” species the peak positions for the two types of niobium would be averaged
to give a single peak. Although no experiments have been conducted to look specifically for

these species, evidence for the formation of these species is believed to have been seen.

Immediately after mixing a 0.041 mol dm-3 solution of (NbCls); and a 0.050 mol dm-3
solution of (Nb(OMe)s); in toluene (Cl:OMe ratio of 1:4) 5 peaks are observed in the 93Nb
spectrum. Three peaks, each ~30% of total peak area, occur at -810ppm, -1005ppm and
-1150ppm and are due to (NbClp(OMe)3)2, (NbCI(OMe)4)2 and (Nb(OMe)s), respectively.
The equal intensities imply incomplete redistribution. The other two peaks, each of ~5% total
peak area occur at -900ppm and -1080ppm. These match the predicted positions, taken from
Fig. 2.2, of NbpCl3(OMe)7 and NbyCl(OMe)g respectively Upon sonication for 15 minutes,

only one peak is observed, at -1005ppm due to (NbCI(OMe)4)5.

However although similar experiments have been run at Cl:OMe ratios of 1:1 (ie.

possible NbyCls(OMe)s formation) and 3:2 (see earlier), no peaks for NbpCl5(OMe)s or
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Nb,Cl7(OMe)3 have been observed. The reason for this is not clear but it seems likely that they
disproportionate to (NbClg(OMe)), and (NbCla(OMe)3)2. Why they should disproportionate is
not easy to explain, except that both of these dimer species can be thought of as containing one

monomer unit of NbCl3(OMe),; which has been shown to disproportionate.

Finally, it has been noticed that upon addition of 1 equivalent of MeOH to a suspension
of NbCls in benzene/toluene, and the 93 Nb spectrum being run immediately a very broad peak
(~9.7KHz) at -440ppm is observed that disappears over time or upon sonication to give the

expected peak at -495ppm. It may be that this is the species NboClgOMe.

2.1.6 Acetonitrile Adducts NbCls..(OMe).AN

The 93Nb peak positions of (NbCls)z, (NbCl4(OMe))2, (NbClo(OMe)3); and
(Nb(OMe)s)2 when dissolved in acetonitrile (AN) are given in Table 2.1. Kepert and
Nyholm!9 have shown that in non-coordinating solvents such as carbon tetrachloride, NbCls
exists as the dimer (NbCls), but in acetonitrile it forms the monomer NbCls.AN, with 93Nb
peak position at -55ppm.? Upon dissolution of (NbCls)s in acetonitrile at 293K, we observed
two peaks in the 93Nb spectrum, at -0.5ppm (FWHM 20Hz) characteristic of the dimer
species, and at -55ppm (FWHM 1kHz) characteristic of the monomer adduct NbCls.AN. The
relative intensities of these peaks change over time from 70:30 (NbCls)2:NbCls5.AN within 3
minutes of dissolution of the (NbCls); in the acetonitrile, to 20:80 after 30 minutes. Gentle

heating (318K) gave a single peak at -55ppm indicative of the monomer adduct.

It seems highly probable then that in toluene NbCl4(OMe) would exist as the dimer but
that in acetonitrile it could exist as the monomer NbCl4(OMe).AN .This is in fact what appears
to be observed. In toluene a single peak is observed at -495ppm due to the dimer, whereas in
acetonitrile two peaks are observed at -495ppm (FWHM 1kHz) and -560ppm (FWHM
1.5kHz). The latter is shifted upfield from the dimer by the appropriate amount for a

monomeric niobium acetonitrile adduct.® This acetonitrile adduct is isolated by removal of

41



excess solvent to give an orange solid whose FTIR spectrum confirmed the presence of bound
acetonitrile.1920 The orange NbCl4(OMe).AN was then added to deuterated toluene and two
new peaks were seen to arise in the low temperature 'H spectrum in a 1:1 ratio (Table 2.2) and
a new peak was observed at -550ppm in the 93Nb spectrum. The 1H peaks can be assigned to

NbOMe (3.90ppm) and Nb.NCMe (2.35ppm)?2! confirming the presence of NbCl4(OMe).AN.

Riess and Hubert-Pfalzgraf13,14.22 have shown that Nb(OMe)s is dimeric in both
toluene and acetonitrile. Thus whilst NbCls and NbCl4(OMe) have been shown to exist as
separate monomer adducts, it might be predicted that NbClp(OMe)3 would exist in a fluxional
state between the monomer and dimer. When (NbCla(OMe)3); is dissolved in acetonitrile it
gives a single peak at -850ppm (FWHM 10.5kHz) in the 93Nb spectra, rather than two peaks
for the monomer and dimer. This peak is shifted upfield from the dimeric species in toluene,
implying the formation of an acetonitrile adduct species. Removal of the acetonitrile solvent
gives a yellow solid whose FTIR not only contains (NbClp(OMe)3)2 but also shows shifted
acetonitrile stretches confirming the formation of some monomer adduct NbClp(OMe)3.AN.
When the sample is redissolved in deuterated toluene it gives rise to a complex pattern of peaks
in the low temperature 1H NMR spectrum. Apart from a peak at 2.35ppm (Nb-NCMe) it has

proved impossible to assign the peaks.

Although the preceding experiments had provided information on some of the
NbCls5.x(OMe)x.AN adducts, they did not answer the question of whether the monomer
NbCl3(OMe)2.AN would disproportionate in the same way as the dimer species. To answer
this question a 0.0993 mol dm-3 solution of (NbCls) and a 0.01696 mol dm-3 solution of
(Nb(OMe)s)7 in acetonitrile were mixed in the following Cl:OMe ratios:- 4:1, 3:2, 2:3, and
sonicated for 5 minutes. The 93Nb spectra of the resulting solutions were run and found to give
similar results to the experiments run in toluene (see section 2.1.4). The 4:1 Cl:OMe solution
gave two peaks at -495ppm and -560ppm (16% and 84% respectively) due to (NbCl4(OMe))2
and NbCl4OMe.AN. The 2:3 Cl:OMe solution gave a single peak at -854ppm due to
(NbClp(OMe)3)2/NbCla(OMe)3. AN and the 3:2 Cl:OMe solution gave three peaks at -495ppm,
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-560ppm, and -845ppm, with an integrated area of NbCl4OMe: NbClp(OMe)3 of 47:53,

indicating NbCl3(OMe),.AN had disproportionated like its dimer counterpart.

(Nb(OMe)s); in acetonitrile gives a 93Nb peak at -1160ppm and the classic low
temperature !'H spectrum of the dimeric species, identical to that found in toluene but
solvent-shifted (see Table 2.2). A small peak at -1185ppm is also observed, along with 9
corresponding peaks and a free methanol peak in the 1H low temperature spectra . It is believed
that this is due to an oligomer of Nb(OMe)s rather than a hydrolysis product, as addition of 1
equivalent of water does not cause this peak to grow, but rather creates a new peak at
-1260ppm in the 93Nb spectra. Further evidence for this belief is that upon mixing NbCls and
Nb(OMe)s solutions in acetonitrile in 4:1, 3:2, 2:3, ratios, no hydrolysis products (eg.
NbOCI3) are observed. NbOCl3 should be observed if the peak at -1185ppm is due to a
hydrolysis product. The peak at -1260ppm is thought to be due to a partial hydrolysis species
of the type, NbgO10(OR)2g, prepared by Bradley.23

2.1.7 [NbCle.x(OMe)«]-_Species

Initially it was hoped to generate these anionic monomer species by the mixing, in
solution, of CsNbClg and NaOMe in the required ratios. However, no common solvent was

found for both NaOMe and CsNbCle.

To obtain a soluble methoxide salt, tetrabutyl ammonium methoxide (TBAOMe) was
prepared. TBAOMe and CsNbClg in acetonitrile (0.04 mol dm-3) were mixed in various ratios
to generate the [NbClg.x(OMe)y]- series. However, it proved impossible to totally dry the
TBAOMe and so apart from a peak at -425ppm, the only species observed was that of
NbCl4OH/NbOCI3 at -495ppm.

Finally, a 0.1 mol dm-3 solution of CsNbClg in acetonitrile was prepared and to this
solution 1 to 5 equivalents of MeOH were added. These solutions gave a set of results similar
to those observed with (NbCls); in benzene/MeOH, except that the initial substitution of the

[NbClg]- ion by the nucleophile, MeOH, proved harder than for (NbCls);. Thus, when 1
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equivalent of MeOH was added, two peaks were observed at Oppm and -425ppm (FWHM
4.6kHz). As more MeOH was added, the peak at Oppm due to [NbClg]- decreased in size and a
third peak appeared at -745ppm (FWHM 9kHz). By 5 equivalents of MeOH, only the peak at
-745ppm remained. It seems probable that the peak at -425ppm is due to [NbCls(OMe)]-,
however the peak at -745ppm is less easily assigned and may be due to either [NbCl4(OMe)]-
or [NbCl3(OMe)s3]-.

2.2 Chemical Shift Dependence

2.2.1 Early Transition Metals

The overall shielding (o) of a nucleus is defined as;24
g= O'd + Gp + 60 (2'4)

where G is the diagmagnetic shielding of the atom, Gp the paramagnetic shielding and o, is the
shielding contribution of the other atoms. For atoms heavier than Be op dominates (0q is
approximately constant and small compared to o for each element). Thus chemical shifts )
and nuclear magnetic shielding (o) are defined with opposite sign, so that an increase in J is

given by an increase in the absolute magnitude of op.17-24

A simple ligand field formulation for a transition metal nucleus in a d® octahedral complex

is:17

_ Hoe?(r})ng<0/L2%/0>
P 4nm2AE

(2.5)

where g is the permeability of free space, e and m the electronic charge and mass (r)pg the
valence d electron radius and AE the excitation energy associated with the angular momentum
operator L, with the origin at the metal nucleus. AE is effectively the ligand field splitting.17 If
AE is dominant, then op increases with a decrease in the ligand field splitting parameter (A) and

follows the spectrochemical series: 17



H,C,N,O,F,S,Cl1,Br,I — (increasing J, decreasing A) (2.6)

This means that the chemical shift of a metal complex increases with a decrease in
substituent electronegativity, with an increase in the A of UV/vis absorption of the molecules
and is observed for many early transition metal systems eg. Ti,25 Co26 and V.27 This
dependence is known as the *“‘spectrochemical”” dependence or “inverse halogen *“ dependence,
the latter because § increases as A decreases. The dependence of chemical shift upon
electronegalivity is often either a first order effect?® (inetal-ligand interactions dominant) or a
second order effect? (ligand-ligand interactions important) and is discussed below with

reference to the niobium species described in this chapter.

2.2.2 The Linear Dependence of 93Nb Shift With Coordination Composition

Plotting peak position vs degree of substitution for the dimeric species gives a straight
line for x=1,2,3,4,5 (see Fig.2.2). This is perplexing as it implies that after a large initial
methoxide substitution, further substitution is a linear function. In attempting to provide a
theoretical interpretation for the composition dependence of chemical shift of a molecule, there

are two approaches;

i) A first order approach, based on a simple summation of substituent electronegativities and

governed by the relationship:-
dcale = ny5(3NbCls) + (5-n);5(ONb(OMe)s) 2.7)

ii) A second order approach, based on the “trans” model of Buslaev.29 This approach
recognizes that the shielding change caused by one substituent is apparent in neighbouring
substituents and thus the chemical shift for the central atom is calculated by summing the
pairwise interaction parameters for all substituents taken as opposite (trans) pairs. This has

successfully been used to rationalize the chemical shift of the [NbClg_xBrx]- series.2?
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Application of the first order approach gives wildly inaccurate predictions for the
chemical shifts of the (NbCls_x(OMe)x)2 and NbCls5.x(OMe)x.AN species. For example the
following 93Nb shifts are predicted: (NbCl4OMe); = -230ppm; NbCl4OMe.An = -285ppm;
(NbClp(OMe)3)7 = -690ppm. Its main failure is its inability to predict the large shift observed
in (NbCl4OMe),. Because it fails to do this, all the calculated chemical shifts are inaccurate.

Application of the second order approach is more complex. For the dimeric series, each
niobium in the dimer is in an octahedral environment, and so has 3 trans pairwise interactions.
There are seven types of additivity parameters:-nCl-Cl, nCIl-OMe, n1OMe-OMe, nCI-Clg;,
NCI-OMegy, NClgr-OMe, nOMe-OMeg;, and these can be calculated from the observed

chemical shifts of the (NbCls.x(OMe)x)2 series. An assumption has been made in the

predictions of the additivity parameters, that is, that the value for NCI-Cl is Oppm — this is not
unreasonable as [NbClg]- has a chemical shift of Oppm. A summary of the calculated shifts for

the kinetically scrambled isomers is shown in Table 2.3.

Table 2.3

nCIl-Cl | nCl- nCl- nCIgr- | nCl- NOMe- | nOMe- | Obs.8 Calc.d

Clgr OMe OMe OMepr | OMe OMegr | (ppm) (ppm)

(NbCl5)2 2 4 2.6 2.6

(NbCl4(OMe))2 1 3 1 1 -495 1-491.1

(NbCI3(OMe))2 | 0.6 1.2 1.2 1.6 0.8 0.2 0.4 -650 |-649.2

(NbCIp(OMe)3)» | 0.2 0.4 i2 0.8 1.6 0.6 1.2 -810 | -810

(NbCI(OMe)4)2 0.75 1 0.75 | 1.25 | 2.25 | -1010 [ -1010

(NbOMe))? 2 4 -1160 | -1160

46



where N Cl-Cl=0ppm, nCl-OMe=-482.4ppm, NOMe-OMe=-350.65ppm, NCIl-Clg,=0.65ppm,
NCIl-OMeg=78.375ppm, NClg-OMe=-10.65ppm, NOMe-OMep;=-114.675ppm.

As can be seen in Table 2.3 the second order approach works. It shows that the trans
interactions of non-bridging groups are the dominant additivity parameters in a upfield shift of
the chemical shift, and that the Cl-OMeg; interaction is the sole additivity parameter to cause an
downfield shift in &. Thus the large change in shift observed for the (NbCl4(OMe)); species
can now be explained. It contains no bridging methoxide groups and so has no downfield
component in the summation of its pairwise parameters, giving it a very large upfield shift

compared to the the other substituted chloroalkoxides.

Use of the “trans” pairwise additivity interaction model to predict the chemical shifts of
the NbCls5_«(OMe)x.AN and [NbClg.x(OMe)«]- series fails because of the lack of known
chemical shifts for these series. Furthermore, use of the “cis” pairwise additivity interaction
model, proposed by Vladimiroff and Malinowski30 (and successfully used to rationalise the
chemical shifts of systems such as boron-11,30 carbon-13,31 aluminium-27,32 and
germanium-73.33) fails to correctly predict the observed chemical shifts of the
(NbCl5.x(OMe)y)2 series. This is because there are ten “cis” additivity parameters, too many to
be calculated using the six observed chemical shifts. Likewise, use of the assumption that the
bridging groups can be considered similar to non bridging groups in order to reduce the

numbers of “cis” additivity parameters to three gives wildly inaccurate results.

2.3 Alcohol Solutions

2.3.1 Alcohol Solutions of CsNbClg

The 93Nb spectra obtained upon dissolving CsNbClg in MeOH at different concentrations

are shown in Table 2.4.
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Conc, (M)¢ Peak Positions®:P Observed (ppm) and FWHM for Solutions of CsNbClg in McOII
1.0 -483 (6) -853 (47) | -1005 47)
0.5 -490 (15) -810 (35) -1022 (45) -1161 (5)
0.1 -1031 (90) | -1110 (10)

(a). +7ppm

(b) Figures in parentheses are approximate relative proportions.

(¢) M=mol dm3.

Unlike the model systems so far described, alcohol solutions of CsNbClg are not so
easily characterized. This is due to the fact that the niobium chloroalkoxide species may be
present either as monomers (anions or neutral solvent adducts) or dimers. Thus the assignment
of any of the observed peaks to specific species is tenuous. Whilst some of the peaks observed
might possibly be assigned to dimer species, ie, -485ppm = (NbCly(OMe))2 (FWHM
3.6kHz), -810ppm = (NbCl2(OMe)3)2 (FWHM 9kHz), -1005/-1022ppm = (NbC1(OMe)4)2
(FWHM 10kHz), -1161ppm = (Nb(OMe)s)2, others can not, ie, -853ppm (FWHM 12kHz),
-1031ppm (FWHM 8.5kHz), -1110ppm (FWHM 8.5kHz). However, these latter three peaks
may be tentatively assigned to [NbCI3(OMe)3]-, [NbClo(OMe)4]- and [NbCI(OMe)s]-,
respectively, although they could just as likely be due to NbCl3(OMe)2.MeOH,
NbCl2(OMe)3.MeOH and NbCI(OMe)4MeOH or an equilibrium between these two types of

monomers. For example:

[NbCl;(OMe);]- __5“_—H—~H+ NbCly(OMe),.MeOH
= 2.8)

Table 2.4 also shows that as the concentration of CsNbClg increases, the degree of OMe

substitution per Nb (V) atom decreases.
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2.3.2 (NbCls)> Dissolved in Neat Alcohols
When (NbCls); is dissolved in MeOH the 93Nb NMR spectrum at 293K consists of a

set of lines, the number and intensity of which is heavily dependent on the concentration of
(NbCls)2 (see Fig. 2.4). The niobium chloroalkoxide species may be present as dimers or
monomers (anionic or solvent adduct) — Bradley et alll have shown that Nb(OR)s5 in ROH
exists as a monomer/dimer equilibrium mixture, and that Nb(OMe)s in MeOH (0.009 to 0.053
mol dm-3 of Nb) exists in equilibrium as 40% (Nb(OMe)s); and 60% Nb(OMe)s.MeOH.
When the 93Nb spectrum of Nb(OMe)s is run in MeOH (0.02 mol dm-3) it gives a single broad
peak at -1170ppm implying peak averaging between the monomer and dimer species. As the
observed peak positions for (NbCls); in alcohol are very similar to those found for the dimeric
species the peaks are now assigned to dimeric species (see Table 2.5), although it seems

probable that they are in fact due to peak averaging between the dimeric species and monomer

alcohol adduct.
Table 2.5
Approximate Relative Percentage Proportions of (NbCl5_x(OMe)x)2
in Various Alcohols and at Different Concentrations of (NbCls)s.

Concentration and Alcohol x=1 x=2 x=3 x=4 x=>
1.65 mol dm~3 MeOH 50 35 15
0.50 mol dm-3 MeOH 5 50 45
0.25 mol dm-3 MeOH 30 60 10
0.05 mol dm-3 MeOH 20 45 35
0.50 mol dm-3 EtOH 15 85
0.25 mol dm-3 EtOH 5 10 45 25 5
0.05 mol dm-3 EtOH 20 70 10
0.50 mol dm-3 PriOH 25 45 35

These lines sharpen on warming to 343K. On cooling back to 293K, the original

spectrum is reproduced except for the most concentrated solution (1.65 mol dm-3). The initial
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Fig. 24.  93Nb NMR spectra of (NbCls)2 in MeOH at 293K in the following

concentrations: (a) 1.65 mol dm=3, (b) 0.5 mol dm=3, (c) 0.05 mol dm=3.
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spectrum of the 1.65 mol dm-3 solution consisted of a single broad peak from -400 to
-900ppm. However upon heating and subsequent cooling the spectrum converted into the
spectrum shown in Fig.2.4 (a). A possible explanation for this observed change is that the
initial high viscosity of the solution at 293K limits diffusion of MeOH to the NbCl5 so that less
substituted species (including (NbCl3(OMe)3)2) are observed and thus a broad single peak is
observed. On warming, the viscosity decreases allowing for unhindered diffusion,
(NbCl13(OMe)7), disproportionates via €q.2.3 and on cooling the spectrum shown in Fig.
2.4(a) is observed. It is apparent that, like the CsNbClg solutions, as the concentration of
(NbCls), in MeOH decreases, the degree of OMe substitution per Nb (V) atom increases.
Table 2.5 also gives 93Nb NMR data for the corresponding species observed when
(NbCls), is dissolved in the higher alcohols, ROH, R=Et and iPr. It is apparent that as the

steric bulk of R increases the degree of substitution decreases.

2.3.3 Degree of Substitution

By taking the relative proportions of substituted species given in Table 2.5, it is
possible to rank the solutions in increasing degree of OR substitution. This ranking is shown in
Fig. 2.5, where M ROH = mol dm-3 of (NbCls); in ROH

Fig. 2.5
1.65M MeOH 0.5M MeOH ,0.25M MeOH 0.05M MeOH
0.5M EtOH, 0.25M EtOH 0.05M EtOH

0.5M PriOH

Increasing Degree of OR Substitution

T—

Fig. 2.5 shows that for a given alcohol, as the concentration of (NbCls), decreases, the degree
of OMe substitution increases.

Table 2.6 shows the number of alcohol molecules per Nb(V) atom at given
concentrations of (NbCls)2 in alcohol. Thus if the degree of OR substitution was purely
dependent upon the number of alcohol molecules available, then one would expect to see not

only an increasing degree of OR substitution as the concentration of (NbCls), decreases, but
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Table 2.6

Number of Alcohol Molecules/Nb(V) Atom at Given Concentrations
of (NbCls)7 in Various Alcohols
Concentration (mol dm-3) MeOH EtOH PriOH
1.65 8 5.2 4
0.5 24.7 17.1 13:1
0.25 49.4 34.2 26.1
0.05 247 171 131

also that the overall ranking of the solutions in increasing degree of OR substitution would be

as shown in Fig. 2.6.

Fig. 2.6
1.65M MeOH 0.5M MeOH 0.25M MeOH 0.05M MeOH
0.5M EtOH 0.25M EtOH 0.05M EtOH
0.5M PriOH

Increasing Degree of OR Substitution -

This overall ranking is not seen (see Fig. 2.5), the MeOH solutions have a far higher
degree of OR substitution compared to the EtOH and PriOH solutions than can be accounted
for purely by the number of alcohol molecules per Nb (V) atom. It seems unlikely that steric
factors are causing this lower degree of OR substitution for the EtOH and PriOH as Et is not
that much bigger a ligand than Me. It seems far more probable that the increased degree of OR
substitution per Nb(V) atom in MeOH solutions, compared to the other alcohols, is due to the
pKa’s of the alcohols.

The standard pK, values for the aqueous alcohols at 298K are MeOH = 15.09, EtOH =
15.93 and PriOH = 17.134 and so as R decreases in size, the acidity of ROH increases. Thus

PriOH and EtOH are far weaker acids than MeOH and so are less inclined to react like an acid
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with (NbCls); and protonate the bound CI- to produce HCI gas and a bound OR group. Hence,
MeOH is far more likely to undergo substitution and protonation reactions with (NbCls); than
EtOH and PriOH and produces solutions with a higher than expected degree of OR
substitution. This means that the degree of OR substitution is dependent upon two factors: (i)

the ratio of alcohol molecules to Nb(V) centres: and (ii) the pKa of the alcohol.

2.3.4 HCI Concentration

Finally, Table 2.6 shows that at 1.65 mol dm-3 (NbCls), in MeOH, the ratio of
MeOH:NbD is 8:1. This is greater than the 5:1 MeOH:Nb ratio observed when (NbCls); was
dissolved in benzene, yet the degree of OMe substitution in benzene was greater (100%
NbCl2(OMe)3)2 formation). This is a surprising result as one would have expected the 8:1
MeOH:Nb solution to produce a greater degree of OMe substitution than the 5:1 MeOH:Nb
solution. However, it can be explained by the solubility of HCI in alcohols and benzene.

HCI gas is far less soluble in benzene than in alcohols.35 This means that in alcohol
solutions, at a given ratio of ROH:Nb, there is a far greater molarity of HCI present than in the
corresponding benzene solutions. Therefore, in alcohol solutions, there is a greater chance of
rechlorinating niobium chloroalkoxide species and so the equilibrium mixture of species will
contain a greater percentage of molecules with a lower degree of alkoxide substitution than
would be expected from the benzene experiments.

That this back reaction of chlorination occurs has been graphically shown by the
following experiment. A 0.0175 mol dm-3 solution of (Nb(OMe)s); in toluene was prepared
and split into parts. Varying amounts of HCI gas were then bubbled through the solutions (at a
flow rate of ~1.5ml/second) and the 93Nb spectra run. When 3.5 equivalents of HCI had been
bubbled through the solutions, (NbClp(OMe)3)2 and (NbCI(OMe)4)2 were the only species
present, in a 85:15 ratio. After 10 equivalents of HCI has passed through the solution, only
(NbCl2(OMe)3), was present. Thus the quantity of HCI dissolved in a solution of niobium

chloroalkoxides can also affect the degree of alkoxide substitution.
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2.4 Conclusions

In summary, this work shows that 93Nb NMR can be used to identify the
NbCls5.x(OMe)x series of molecules and distinguish between the dimeric and monomeric
species. It also confirms Kolditz and Schonherr’s report that only (NbCl2(OMe)3); is formed
in non-polar solvents on adding excess (5 fold) MeOH to (NbCls)2 and indicates that
(NbC13(OMe),) appears to be unstable, disproportionating to (NbCl4(OMe)), and
(NbCl2(OMe)3)2. In neat ROH, 93Nb N.M.R. has shown that the reaction does not go by
eq.(2.1) where x=2, 3 as previously believed but that a mixture of chloroalkoxides is present

whose composition is strongly dependent on the total Nb concentration.
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Gelation Studies of Niobi Chloroalkoxid

3.1 Introduction

In this chapter, the factors affecting the gelation rate of the niobium chloroalkoxide sols
are examined and discussed. Within the sol-gel processed systems being examined in this
thesis, a precursor solution (sol) of a colloidal suspension of solid particles e.g. metal
alkoxides, is hydrolysed and undergoes condensation reactions (two partially hydrolysed
molecules linking together and liberating ROH or H0). Upon condensation the hydrolysed
molecules first form oligomers, that is a molecule that is neither a monomer or a polymer but of
intermediate size, and then polymers.! In non-aqueous solutions e.g.alcohol/water, the
solubility of the solid phase formed by the condensation reactions is so limited that the
condensation reactions are virtually irreversible and thus the bonds formed between the
oligomers are random — they cannot be converted to an equilibrium configuration and so
generally lead to the formation of fractal polymeric clusters. A fractal mass is a species whose
mass (m) increases with its radius where m is proportional to rd and d<3 (and is known as the
fractal dimension).! The polymeric clusters undergo gelation, that is they grow until they are so
large that they impinge on one another, at which point the clusters link together to form a
network. When this network spans the whole of the sol, the gelation point is said to have been
reached and a gel formed. A gel is defined as consisting of continuous solid and fluid phases of
colloidal dimensions, and can be visualised as having a sponge like structure — it is possible to
traverse the whole of the gel either by taking a purely fluid route through the “holes” or a
purely solid route through the polymer network. If the gel thus formed is bigger than a few
millimetres then it is called a monolith. Upon drying the gel shrinks due to capillary pressure
producing stress upon the gel, and a xerogel is formed. Most gels so formed are amorphous,
even after drying, but often crystallise upon high temperature heating (sintering).!

The purpose of using the sol gel method was to create thin films of NbyO5 and if

possible, thick monolithic films and compare their electrochemical properties.
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3.1.1 General Mechanisms

In general, transition metal alkoxides are very reactive towards water and other
nucleophiles. This is due to the alkoxo groups acting as hard @ donors and stabilizing the
metals in their highest oxidation state and thus making the metal more susceptible to
nucleophilic attack. Compared with Si(OR)4, the most commonly used type of precursor,
whose hydrolysis and gelation is very well studied, the transition metal alkoxides are different
in a number of ways:!

1) their lower electronegativity causes them to be more electrophilic and hence more
reactive towards hydrolysis and condensation;

2) they generally have several stable coordinations, thus allowing them to undergo
olation, oxolation, alkoxy bridging and other nucleophilic association mechanisms.

The rapid kinetics of nucleophilic reactions has meant studies of hydrolysis and
condensation of transition metal alkoxides are far more difficult than for Si(OR)4 and hence
much less is actually known about the specific pathways. However, it is believed that the basic
pathway for the hydrolysis and condensation reactions of transition metal alkoxides, in the
absence of catalysts, is via nucleophilic substitution. This consists of nucleophilic addition via
an associative mechanism, followed by proton transfer from the attacking nucleophile to one of
the other bound ligands and removal of the protonated species.2-5 Whilst transition metal
chloroalkoxides are not as well studied as transition metal alkoxides, it is believed that they
undergo the same types of reactions.

Thus the following reactions may occur;

Hydrolysis

H>0 + MOR — MOH + ROH (3.1)
Alcolation

ROH + MOH — MOR + H70 (3.2)

Chlorination

HCl + MOH — MCI + H20O (3.3)
Oxolation
MOH + MOH — MOM + H>O (3.4)
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Alcoxolation

MOR + MOH - MOM + ROH 3.5)

Chloroxolation

MCl + MOH — MOM + H(Cl (3.6)
Olation
MOH + MX - MOHM + X (3.7)

where X is HoO or ROH.

Thus the thermodynamics of hydrolysis, alcoxolation and oxolation, etc. are governed
by the strength of the entering nucleophile, electrophilicity of the metal and the partial charge
and stability of the leaving group.2 The kinetics are governed by the extent of coordinative
unsaturation, the ability to transfer protons and the molecular complexity of the metal
chloroalkoxides ie. the number of metal atoms per molecule.2 These factors will be discussed
in more detail later, with special reference to niobium chloroalkoxides.

Unfortunately there appear to be very few papers dealing with the hydrolysis and
gelation of niobium chloroalkoxides and alkoxides, and those that exist are full of
contradictions, simplifications and errors.4.6-8 Alquier et al6 stated that on addition of water to
0.3 mol dm-3 solutions of niobium chloroalkoxides in the respective alcohol, a hydrolysis and
gelation reaction occurs giving a white amorphous gel. They proposed that the following
reaction occurred;

NbCls —ROH— NbClp(OR)3 + 3HCl —H;0— NbClp(OH)3 (3.8)

They further proposed that owing to the strong coordination properties of the OH groups, the
molecule NbClp(OH)3 was not stable as a monomer and underwent olation to form a colloidal
gel containing chlorine/chloride. However Sanchez et al4 believed that NbClp(OH)3 was the
final gel product. Finally Alquier et al noted that the rate of gelation of the hydrolysed
chloroalkoxide solution depended upon the size of the alcohol. It increased as the alkyl chain
increased, thus gelation ranged from seconds with PriOH, through a few hours with EtOH to
several days with MeOH. This was, at first, reiterated by Sanchez et al 4 and then contradicted

in a later paper by the same group.8 In this latter paper they state, “....the reactivity of metal
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alkoxides decreases when the length of the alkyl chain increases.” As these and other points

seemed rather confusing, gelation studies of our own were undertaken.

Results and Discussion

3.2 Gelation Rates of (NbXs)2 Species (X=Halide, Alkoxide)

A number of solutions of various (NbXs)> species were made and reacted with
demineralised HpO, 1.0 or 10.8 mol dm-3 HCI. The time taken for the complete hydrolysis and
condensation reaction was noted (see section 9.3 for the method of determining gel time), and a
summary of this data is given in Table 3.1 (HO addition) and Table 3.2 (10.8 mol dm-3 acid
addition).

Table 3.1 shows that for all of the solutions, when reacted with water, the reaction time
for hydrolysis and condensation was 5 seconds or less, regardless of X or concentration of
(NbX5)2. This implies that hydrolysis is very fast (ie order of seconds) regardless of the type
of ligand bound to the niobium .

Table 3.2 shows the affect of adding 10.8 mol dm-3 HCI to the solutions. Addition of
1.0 mol dm-3 HClI to the niobium solutions did not affect the gelation times noted in Table 3.1,
however addition of 10.8 mol dm-3 HCI causes the gelation times to increase. Because the
results in Table 3.1 show that hydrolysis is fast this increase in the observed gelation times
must be due to the inhibition of the condensation reactions by chlorination back reactions
(eq.3.3). This will prove to be important in later discussions on mechanisms for observed
gelation rates.

From these observations it appears that the statement by Sanchez et al 4 that “NbCls is
more rapidly hydrolysed than Nb(OR)s” does not appear fully justified (in this and other
statements by this group, “hydrolyse” encompasses the terms ‘“hydrolysis and
condensation/gelation”). Furthermore, it is evident that (NbCl2(OMe)3); reacts as fast as its
parent molecules (Nb(OMe)s)2 and (NbCls);. Similarly, whether the alkoxide is a dimer
(acetonitrile solutions) or a mixed monomer/dimer system (alcohol solutions) does not appear

to affect the rate of reaction.
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Table 3.1

Gelation Times (secs) for Various Niobium Sol Mixtures with HpO.2

Nb precursor | Acetonitrile® |  MeOHP EtOHP PriOHP Solid¢
(0.002/1.0) (0.002/0.1/1.0) | (0.002/0.1/1.0) (0.002/0.1)

(NbCl5)2 14/1 1
(Nb(OMe)s)2 1d 1/1/5 5
(Nb(OEt)5)2 1d 1/1/1 2
(Nb(OPri)s), 1d 1/1 2

(NbClo(OMe)3)> 1d 5

(a).  Gelation times (see section 9.3) shown are in the corresponding order to the
concentrations (see (b)).

(b).  Figures in parentheses are the concentrations in mol dm-3. HyO:Nb ratios are 2778,
103 and 28 for the 0.002, 0.1 and 1.0 mol dm3 solutions respectively.

(c). HpO:Nb ratio is 25.

(d). Time taken for white liquid to form. After 20 seconds flocculation occurred.

Table 3.2
Gelation Times for Various Niobium Sol Mixtures with 10.8 mol dm-3 HC1.2
Nb precursor AcetonitrileP MeOHDP PriQHb Solid¢
(0.002) (0.1/1.0) (0.1/0.1)
(NbCls)> 3 days 2 hours

(Nb(OMe)s)» 3 days 1.5 days/5 mins.

(Nb(OEt)s)> 3 days 1.5 days/5 mins.

(Nb(OPri)s)> 3 days

(a). Gelation times (see section 9.3) shown are in the corresponding order to the
concentrations (see (b)).

(b).  Figures in parentheses are the concentrations in mol dm-3, HyO:Nb ratios are 2778,
103 and 28 for the 0.002, 0.1 and 1.0 mol dm3 solutions respectively.

(c). H2O:Nb ratio is 25.
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3.3 Gelation Rates of (NbCls), in Alcohols

Mixing equal volumes of demineralised HpO with 0.35 mol dm-3 solutions of (NbCls),
in ROH (where R=Me, Et, Pri), HyO:Nb = 80:1, at ambient temperature and pressure appeared
to verify the rate of gelation observations of Alquier et al.® The PriOH solution formed a white
liquid within seconds and a solid gel within minutes. The EtOH solution formed a gel within 2
hours and the MeOH solution took 24 hours. However these gelation times, ie. seconds for
PriOH solutions etc, are a simplification. The rate of gelation is as dependent upon the
concentration of niobium (and hence the type of NbCls.x(OR)x species) in the solution as it is
upon the type of alcohol.

Fig. 3.1(a) shows a graph of the gelation times for 0.5 mol dm-3 solutions of (NbCls);
in ROH (R=Me,Et,Pri) with demineralised water. Fig. 3.1(b) shows a graph of gelation times
for 0.5, 0.125 and 0.0875 mol dm-3 solutions of (NbCl)s), in EtOH with distilled water. Fig.
3.1(a) clearly shows that for a given concentration of niobium, the gel times increase as the size
of the alcohol decreases. Similarly, Fig. 3.1(b) shows that as the concentration of niobium
decreases, the gel times increase. Furthermore, both these figures show that there is an
optimum H7O:Nb ratio for each solution to minimise the gel time.

As can be seen in Figs. 3.1(a) and (b) addition of demineralised water gives a slightly
different optimum H2O:Nb ratio compared to distilled water, but no other differences were
observed. Repeating the experiment shown in Fig. 3.1(b) with MeOH as the solvent alcohol
(and demineralised water) gave similar plots but at longer gel times. However when PriOH
was used even the 0.05 mol dm-3 (NbCls), solutions gelled within seconds. In general,
whereas both the EtOH and MeOH solutions formed homogeneous gels, the PriOH solutions
did not undergo homogeneous gelation but formed flakes and lumps and finally an
inhomogeneous gel.

It is interesting to note that the gelation experiment was repeated with 0.5 mol dm-3
solutions of (NbCls); in ROH (R=Me,Et) but, after the addition of demineralised water and
mixing, the solutions were stoppered. None of these solutions formed a gel, even after 2
months. This is presumably because the system is not allowed to lose substituted ligands to the

atmosphere and so alcolation and chlorination take place in increased amounts, as back
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Fig.3.1(a). Gelation time (t gel, mins) vs equivalents of demineralised water (H,O:Nb) added

for 0.5 mol dm-3 solutions of (NbCls), in ROH where (a) R = Me, (b) R = Et, (c) R = Pri.
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Fig. 3.1(b). Gelation times (t gel, hours) vs equivalents of distilled water (H2O:Nb) added

for (a) 0.5, (b) 0.125 and (c) 0.0875 mol dm-3 solutions of (NbCls), in EtOH.
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reactions, to reform the niobium chloroalkoxides and break down any hydrolysis oligomers
formed.

Fig 3.2 shows the percentage weight loss of the sol/gels as a function of time for
various niobium chloroalkoxide solutions. This shows (as might be expected) that weight loss
increases as the concentration of niobium decreases for a given alcohol, and that at a given
concentration of niobium the rate of weight loss is dependent upon the boiling point of the
alcohol, thus MeOH, with the lowest boiling point, loses weight at a faster rate than the EtOH
and PriOH. Finally, no effect is observed on the weight loss rates due to crack formation

which occurs in the gels after gelation (tg).

3.3.1 Hydrolysis and Gelation Products

Alquier et al® had NbClp(OH)3 as the final product of niobium chloroalkoxide
hydrolysis and that this olated to form a gel, whilst Sanchez et al4 thought NbClp(OH)3 was
the final gelation product. However it has already been shown that in alcohol solution the
niobium chloroalkoxides do not exist purely as NbClp(OR)3 as Alquier had thought but as a
mixture of NbCls_x(OR)x monomer adducts or dimer species (x=1,2,3,4,5 dependent upon
concentration). It seemed improbable that Nb(OR)s5 would hydrolyse to NbClp(OH)3 rather
than hydrated NbyOs. Furthermore, if NbCl5.x(OR)x (x =1 to 4) could be substituted by
oxygen-bearing ligands to Nb(OR)5 then there appears to be no reason why NbCls_x(OR)x
should not also hydrolyse to hydrated NbyOs. Because of these doubts the hydrolysis and
gelation products of a number of hydrolysis reactions were analysed.

In order to ascertain whether the chlorine remained bound to the niobium, the gelation
products of the hydrolysis reaction were comprehensively analysed. For this analysis,
solutions of 0.5 mol dm-3 (NbCls), in ROH were used, as the 93Nb NMR studies had shown
them to contain NbCls5_x(OR)x (x = 1 to 4) as well as Nb(OR)5 and thus it would be possible to
ascertain whether, upon gelation, NbCls_x(OR)x had hydrolysed fully or not. Solutions of
(NbCls), in PriOH, EtOH, and ethylene glycol were added to a large excess (100 equivalents)
of demineralised water and left for 6 hours to gel. The gels were then washed and submitted to

three drying processes:-(a) room temperature drying to give a cracked glass; (b) oven drying at
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Fig. 3.2 Graph showing percentage weight loss of the sols/gels due to drying as a function of
time. Sol/gel weight (expressed as percentage of original sol weight) vs time for X mol dm-3
solutions of (NbCls), in ROH, where (a) X=0.5, R=Pri; (b) X=0.5, R=Et; (c) X=0.2, R=Et;
(d) X=0.05, R=Et; (e) X=0.05, R=Me. The points tg indicate the gelation time of the various

sols.
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1500C for 18 hours to give a powder; (c) as (b) but then followed by heating to 900°C over 4
hours.

EDAX and CI- analysis? upon the 150°C dried gels and EDAX upon the room
temperature dried gels confirmed that the resulting gel was hydrated amorphous NbyOs; no
evidence could be found for remaining Nb—Cl bonds after hydrolysis. Thus hydrated NbyOs is
the hydrolysis and gelation product of the NbCls5.x(OR)y series, not NbCl2(OH)3 and the

hydrolysis proceeds as follows:-

NbCls.x(OR)x + 5SH20 — 1/pNbyO5 + xROH + (5-x)HCI 3.9

CO3 pore analysis (267K) on the room temperature dried niobium oxide showed that
the dried gels had no meso-porous or significant micro-porous volume (2.0 m2g-1). This

implies a dense glass-like structure.

3.3.2 Attempted 93Nb NMR Studies

In an attempt to characterise the hydrolysis products formed prior to gelation, the
hydrolysis reaction was observed by 93Nb NMR. Thus, 0.5 mol dm-3 solutions of (NbCls); in
MeOH and EtOH were placed in NMR tubes, water added (HoO:Nb of 27:1) and the 93Nb
NMR spectra immediately run. However no signal was ever observed. This could be due to
one or more of the following reasons, causing excessive broadening of the signal: (i) addition
of water allows for a large increase in spin relaxation of the 93Nb nuclei due to the increased
interaction of the 93Nb with the electric and magnetic fields associated with the dipole of the
H,0 molecules; (ii) the niobium chloroalkoxide species react quickly to form a number of
oligomeric structures (cf. 29Si NMR of TEOS and TMOS hydrolysis!0) prior to gelation but
these species are very unsymmetrical giving a high electric field gradient at the nucleus; (iii) the
niobium chloroalkoxides are continuously undergoing hydrolysis, alcoxolation, oxolation etc
with rapid exchange between these species on the NMR time scale.

To try and resolve the problem of a lack of signal, a 0.05 mol dm-3 of (NbCls); in

MeOH solution was reacted with varying ratios of HyO and the 93Nb spectra run immediately.
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It was observed that addition of water to the solution (HoO:Nb 2.5:1, 7.5:1, 30:1) does indeed
cause the increased spin relaxation of 93Nb. In these systems, in order to obtain a resonance
signal, the recycle delay pulse (T,) had to be decreased from 500ms to 200ms. As T, is usually
~5 times the spin relaxation time, it implies the relaxation rate drops from the order of 100ms to
40ms. Furthermore, on going from 2.5:1 to 30:1 HpO:Nb a broad peak between -700ppm and
-1600ppm was observed that replaced the precursor species resonances (-825ppm, -1020ppm
and -1150ppm). This broad peak is featureless except for two maxima at ~-1070ppm and ~-
1290ppm. It is unknown whether this broad peak is due to either the fast reaction of the
niobium species present, the production of unsymmetrical oligomers, or both. This is in sharp
contrast to Si and Al alkoxides where the hydrolysis reaction and products have been followed
by 29Si and 27A1 NMR.10-12 However, these hydrolysis reactions are up to 5 orders of
magnitude slower.! The two maxima observed at ~-1070ppm and ~-1290ppm imply that there
are at least two types of hydrolysis products formed rather than the single NbCly(OH)3 species

as proposed by Alquier et al.6

3.4. Mechanism To Explain The Observed Gelation Rates

Fig. 3.3 shows the plot of [Nb]-! ([Nb] = niobium concentration) vs gel time (hours)
for 0.5, 0.125, 0.0875 and 0.050 mol dm-3 solutions of (NbCls); in EtOH upon addition of
various equivalents of distilled water. The general increase observed in gel time on decreasing
niobium concentration is predicted by the Flory model of polymerization!3 (see Appendix 1)
where the gel time, tg = mCy! (mis a constant and Cy, is the initial niobium concentration) and
is to be expected because the more dilute the niobium species, the longer it takes for a colloidal
network to be formed. However, in Fig. 3.3 the least squares fit is only 87%, which implies
that other factors are also contributing to the gelation rate within a given alcohol.

Thus there are two questions that require further answers: (i) Why for a given
concentration, does the gelation rate increase as the size of the alcohol increases? (ii) Within a
given alcohol solution, what factors other than concentration are also contributing to the

gelation rate?
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Fig. 3.3. [Nb]-! ([Nb] = niobium concentration) vs gelation time (t gel, hours) for 0.5,
- 0.125, 0.0875 and 0.050 mol dm-3 solutions of (NbCls); in EtOH upon addition of various

equivalents of distilled water.
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On a general level there are a number of factors believed to affect the hydrolysis and
condensation rates of metal chloroalkoxides containing different bound alkoxy species — the
strength of the entering nucleophile, the electrophilicity of the metal, the partial charge and
stability of the leaving groups, the degree of coordinative unsaturation and the molecular
complexity of the precursor species. In many cases, it is a complex interplay of these factors
which produces the trend observed, and sections 3.4.1 to 3.4.5 will discuss the relative merits
of each of these factors. However pH studies (in section 3.4.4) on the gelling niobium
chloroalkoxide solutions indicate that the concentration of Cl- within the solution and the pKa

of the alcohol are important factors.

3.4.1 Partial Charge Model

Using the partial charge model developed by Livage24 it is possible to calculate the
partial charge upon the atoms within a given molecule. The equations governing this model are

given below:
X = (:Zpi{xi®}/2)(iZpi{xi0}-1/2)-1 (3.10)

8; = (X-xi®)(K{x;°}1/2)-1 (3.11)
where X is the mean electronegativity of the molecule, x;© is the electronegativity of the neutral
atom, k=1.36 in the Pauling’s units,pj is the stoichiometry of the ith atom and §; is the partial
charge of the atom. There are two ways of calculating the partial charge on the metal in a

compound M(OR)y. Either to break the molecule up into its component atoms and then apply
the formulas given in the eq(3.10) and eq(3.11), to give 8(M), or to break the molecule into
neutral metal and ligands, apply eq(3.10) and eq(3.11) to the component atoms of each of the
ligands to obtain the mean electronegativity for each of the ligands, then reapply eq(3.10) and
eq(3.11) to the metal and ligands to obtain 8(M) and 8(OR). Although the 2 methods give
slightly differing values of (M), they give the same trends.

Livage et al2# claim that the use of the Partial Charge Model can predict the hydrolysis

and condensation rates of precursor species. When applied to very general trends, and when
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the calculated differences between the partial charges found on the metal atoms are /arge
(>0.1), the Partial Charge Model appears to work. For example in the system M(OEt)y, where
M= Si — Ti, Livage et al 2 found that (M) changed from +0.32 for Si, to +0.63 for Ti. This
was used to explain the faster hydrolysis and condensation rates of transition metals over Si. At
pH 7, Ti has a hydrolysis rate 14-16 of Ky=10-3M-1s-1 and a condensation rate,16
K=30M-1s-1, compared with a condensation rate for Si 18,19 of K.=10-4M-1s-1 and hydrolysis
rate,20-22 Kp=5 x 10-9 M-1s-1,

However, when the Partial Charge Model is applied to more specific systems where the
difference in the calculated partial charges for varying species is small, eg niobium
chloroalkoxides series, one has to be careful as to what conclusions can be drawn. Table 3.3
shows the partial charge, 8(X), of Nb, bound ligands and potential leaving groups of a variety
of niobium species, calculated by use of the second method described above.

Livage et al 2 proposed that the most positively charged ligand is the best leaving group
and from this proposal a number of observations can be made from the data given in Table 3.3.
These observations are not consistent with the observed experimental data as shown in Table
3.1:-

1) For both NbCl2(OR)3 and Nb(OR)s species, as the size of the alcohol increases, the
calculated partial charge on niobium decreases by up to 0.1, implying a slower rate of attack by
HO upon the metal as the alcohol size increases.

2)The difference in the calculated partial charge for the leaving group 8(HOR) in
NbClI(OR)2(HOR)OH as R is changed from Me to Pri is less than 0.015. Livage et al 2
claimed that this minor increase in 3(HOR) was the reason for the increase in gelation time on
going from Pri to Me solutions.

3)Upon formation of Nb(OR)s5.H20 and Nb(OR)4(HOR)OH species, d(HOR) is
indeed the most positively charged ligand and hence the best leaving group, but the difference
in replacing HOMe by HOPri is almost zero.

4)Livage et al* claimed that in the NbClp(OR)3.H20 system, as HOR is the best leaving

group, this explained why the chloride ligands remained unhydrolysed.
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Table 3.3

Partial Charges (8) on Component Groups of Niobium Species?
Molecule ONb SOR dH20 | SHOR | O&OH oCl SHCI
NbOR5.H20 0.429 | -0.066 | -0.100
0.404 | -0.057 | -0.120
0.392 | -0.053 | -0.129
NbOR4.HOR.OH 0.439 | -0.057 -0.035 | -0.175
0.416 | -0.047 -0.035 | -0.193
0.405 -0.042 -0.035 | -0.201
NbCI20R3.H20 0.526 | 0.013 | 0.023 -0.271
0.510 | 0.030 | -0.022 -0.282
0.503 | 0.038 | -0.041 -0.287
NbCLHCLOR3.0H | 0.504 | -0.005 -0.126 | -0.286 | -0.077
0.488 | 0.012 -0.138 | -0.298 | -0.089
0.481 [ 0.020 -0.143 | -0.303 | -0.095
NbCI20R2.HOR.OH | 0.538 | 0.022 0.045 | -0.100 | -0.263
0.523 | 0.041 0.053 | -0.111 | -0.273
0.517 | 0.049 0.057 | -0.116 | -0.278
NbOH3Clp.H2O 0.593 0.030 -0.058 | -0.224
NbOH4CIL.HCI 0.570 -0.0.76 | -0.240 | -0.026
NbOR3 0.409 | -0.082
0.380 | -0.076
0.301 | -0.073
NbCI0R3 0.421 | -0.072 -0.104
0.413 | -0.050 -0.111
0.396 | -0.050 -0.124

(a).  For molecules containing OR ligands the order of data is R = Me, Et then Pri. Thus the

top number is for R = Me and the bottom number for R = Pri.
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As can be seen from observations 1-3, one has to be careful how one treats the trends
thus shown. If 1), 2) and 3) are taken together, then the implication is that as the size of the
alcohol increases, the rate of hydrolysis decreases. If only 2) and 3) are examined, and the fact
that the differences in 3(HOR) are small is ignored, then it would appear that as the size of the
alcohol increased, the rate of hydrolysis increases. Neither of these conclusions is supported
by the experiments shown in Table 3.1. The only conclusion which is supported by the
experimental facts, is that 2) and 3) show that the differences in 3(HOR) on going from Me to
Pri are negligible and thus the gelation rates should be equal. However this conclusion is
contradicted by observation 1.

Similarly if 4) was a correct proposal, then the species Nb(OH)3Clz would be formed.
Table 3.3 shows that for the Nb(OH)3Clp.HoO/Nb(OH)4CI(HCI) system, HoO has a more
positive partial charge than HCI implying that further hydrolysis does not take place — this
appears to confirm Livage’s proposal in 4). Yet we have shown that the chlorine ligands are
hydrolysed and the final product is NbO5.(H20).

Thus it is obvious that the Partial Charge Model fails to fit or predict the experimentally
obtained gelation observations for the individual precursors. It is felt that the reason for this is
that the model is not a powerful enough algorithm to correctly calculate the partial charges on
the metal and ligands and so it is incorrect to use the very small differences in partial charges
that it predicts, to propose specific mechanisms or reasons for differing reaction rates. This is
not the first time the Partial Charge Model has broken down as a predictive tool. It predicts
alcoxolation should be the favoured condensation reaction between partially hydrolysed
coordinatively saturated silicates, yet 29Si NMR investigations reveal oxolation, rather than
alcoxolation is favoured.! Finally it should be pointed out that it has proved impossible to
reproduce the set of partial charge figures quoted by Livage et al.24 Application of either of the
two methods used to calculate 8(M) failed to give the values of 8(M) or (ligand) found by
Livage. For example, Livage gives 8(M) for Nb(OEt)s5 as +0.53. By the first method, d(M)
was found to be +0.46 and by the second, +0.38. However the general trends of the partial

charges quoted by Livage et al were matched by the partial charges shown in Table 3.3.
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3.4.2 Coordinative Unsaturation and Oligomerization

As the transition state of the hydrolysis reaction is believed to proceed via an associative
intermediate, a coordinatively unsaturated metal atom should form this intermediate faster than
a similar metal atom that was coordinatively saturated. Likewise the degree of oligomerization
(molecular complexity) also plays a crucial role — bridging alkoxy groups are more stable
towards hydrolysis than terminal alkoxy ligands and associated solvent molecules. Hence
Zr(OPr)4 dissolved in Pr"OH is monomeric and hydrolysis results in rapid precipitation,
whereas when it is dissolved in cyclohexane it is oligomeric and controlled hydrolysis occurs
to give a homogeneous gel.23 However, it does not seem likely that these two factors greatly
influence the observed difference in gelation rates of the niobium chloroalkoxides — although
the degree of coordination unsaturation is unknown (niobium (V) species are known to exist
with coordination numbers from 4-9, with 6 being by far the most prevalent24), there is no
evidence to suggest that the niobium is in any state other than coordinatively saturated (ie 6
coordinate). Likewise, whilst the degree of oligomerization of the niobium chloroalkoxides in
alcohol solution is not known, the degree of dimerization of the pentaalkoxides is known.
Bradley et al 25 showed by ebullioscopic measurement that 34% of Nb(OMe)s, 52% of
Nb(OEt)s and 29% of Nb(OPri)s exist as dimers in solutions of their parent alcohols. Because
Table 3.1 shows that Nb(OR)s/(Nb(OR)s)> in alcohol generally reacts as fast as (Nb(OR)5)7 in
acetonitrile, this tends to imply that oligomerization is not a factor that affects the rate of

hydrolysis and gelation in this system.

3.4.3 Steric Factors

In titanium alkoxide systems, it has been shown that increasing alkyl chain length leads
to slower gelation kinetics. Thus upon addition of water to Ti(OR)4, when R = Et,Pri,Prn,
rapid precipitation occurs!4.15,17 yet when R =BuM or Amt, stable sols are formed.26.27 It is
suggested that this is due to a difference in the condensation products — the larger the size of R,
the smaller the oligomer.! Again though, this is not believed to play an important role in

niobium chloroalkoxide gelation as the opposite is observed.
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3.4.4 HCI Concentration

It was found that upon addition of water to the niobium chloroalkoxide (R=Me and Et)
solutions (the solution then being vigorously stirred for 30 seconds), the pH of the solutions
dropped for the first 120 seconds and then remained reasonably constant, implying fast initial
hydrolysis and slow condensation. Collecting pH data on the solutions as they gelled allows
the proton concentration and hence the chloride ion concentration [Cl-] to be calculated as it is
assumed that the protons present are due to HCI. Fig. 3.4 shows a plot of chloride to niobium
ratio ([CI-][Nb]-1) vs gel time for three (NbCls), solutions in EtOH (0.5, 0.125 and 0.0875
mol dm-3) with varying amounts of water added (plots for the MeOH solutions are not shown
due to the experimental problems in measuring the large tg). Thus in each of the linear plots
shown the EtOH to niobium ratio remains constant (ie obtained from the initial niobium
concentration in the EtOH solution, see section 9.2), but the chloride concentration:niobium
concentration varies as different amounts of water are added. The total niobium concentration
decreases as water is added and was calculated by assuming that Xml of EtOH and Yml of
H,O mix to give a solution of volume (X+Y)ml. It is evident from Fig. 3.4 that for a given
EtOH to niobium ratio, increasing the chloride to niobium ratio linearly increases the gel time.
The explanation for this is that at higher chloride to niobium ratios, chlorination of partially and
fully hydrolysed niobium oligomers (eq’s 3.1, 3.2 and 3.3 where RZ =H and OR! = CI)
occurs at a greater rate, slowing the rate of hydrolysis and oligomerization.

The fact that gel times differ from seconds in PriOH solutions to tens of hours in
MeOH solutions at a given [Cl-]:[Nb] and similar alcohol to niobium ratio, implies that
alcolation (eq. 3.2) is also occurring in these hydrolysing solutions — the difference in
observed gel times for different alcohols must be due to the different propensity to alcolate, ie
their pKa’s. The standard pKj, values for the alcohols are MeOH = 15.09, EtOH = 15.93 and
PriOH = 17.128 and so as R decreases in size, the acidity of ROH increases, hence MeOH is
far more likely to alcolate hydrolysed niobium species and slow the gelation rate than is PriOH.
Why alcolation (eq. 3.2) should be observed in the hydrolysing niobium chloroalkoxide

solutions but not be observed in hydrolysing solutions of (NbXs)> (section3.2), is not
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apparent, but it may be that alcolation requires preprotonation of bound hydroxide groups
before substitution and the niobium chloroalkoxide solutions can readily supply protons.

A number of attempts have been made to fit the observed data to theoretically derived
rate equations, taking into account chlorination and alcolation as well as the different types of
condensation reactions, however no match was made. It is felt that whilst the experimental data
can serve as a base for a qualitative explanation, it has not been developed far enough to enable
a quantitative explanation to be proposed. Future work should concentrate on the kinetics of
individual steps of the hydrolysis and condensation reactions of model species, ie (NbX5);

where X = halide and alkoxide.

3.4.5 Summary of The Mechanisms of Observed Gelation Rates

The observed trend that the rate of gelation decreases as the concentration of niobium in
a given alcohol decreases (see Fig. 3.1(b)) has been shown to be due to the dilution of niobium
species making it harder to form a colloidal network. For a given alcohol and concentration
varying the HpO:Nb ratio gives an optimum HO:Nb ratio with a minimum gel time (see Fig.
3.1(b)). The dependence of the gel time with the HpO:Nb is due to the ratio of chloride ion
concentration to the niobium concentration; as the ratio increases, the rate of chlorination
increases, slowing the hydrolysis of the niobium species. Finally, the observed trend that the
rate of gelation increases as the size of the alcohol increases, for a given concentration of
niobium, is believed to be due to the increase in pKa values with increasing size of the
alcohols. This means that the smaller the alcohol, the greater the alcolation occurring and thus

the slower the hydrolysis of the niobium species.

3.5 The Effect of Different Acids on Gelation Rates

It is well known that acid or base catalysts influence both the hydrolysis and gelation
rates and structure of the condensed product.! In order to compare possible catalysts for the
gelation of the niobium chloroalkoxide solutions, 0.5 and 0.2 mol dm-3 solutions of (NbCls);
in EtOH were mixed in equal volumes (H2O:Nb, 55:1 and 137:1 respectively) with various

reagents and the time taken to gel noted. The results are given in Table 3.4.
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The standard mechanism for acid catalysis of hydrolysis and condensation,! is one of
protonation of a partially negatively charged ligand (OR in the example shown below),

enhancing hydrolysis reaction kinetics by producing a good leaving group;
H

|
M-OR + H;0" — M= --:0R + H,0 (3.12)
Gelation Study of 0.2 and 0.5 mol dm™3 (NbCls), in Ethanol with Various Acids and Base
acid/base | gelation time | gelation time Type of Gel Formed Gel formed upon
conc. 0.4 M Nb 1.0 M Nb Atmospheric Drying
2M HCl >20 mins ~15 mins white, homogeneous white monolith,uncracked
2M H;3PO,4 ~5 mins ~3 mins white, homogeneous white monolith, cracked
IM H,S80, 5 secs 1 sec white, "swirled" cracked yellow glass
2M NaOH 5 secs 1 sec white, "swirled" cracked yellow glass

In basic solutions, strong nucleophiles are produced via deprotonation of hydroxo

ligands and thus hydrolysis and condensation reaction kinetics are enhanced;

L-OH + :B - L-O- + BH* (3.14)

So it is to be expected that H3POy is not as strong a catalyst as HpSOg4, as it is a weaker
acid and thus supplies less Ht. However these mechanisms do not take into account the affect
of the anions present. HCl is as strong an acid as HpSO4 and certainly stronger than H3PO4,
thus its poor catalytic properties are due to the Cl- anion which increases the rate of
rechlorination of the niobium. As this is a back reaction, the gelation rate is slowed.

Analyses of HpSOy4 catalysed gels (0.5 mol dm-3 solutions of (NbCls); in MeOH,
EtOH, and ethylene glycol added to a large excess (100 equivalents) of 0.01 mol dm-3 HySO4
and left for 6 hours to gel, washed and dried as in section 3.3.2, revealed that all the gels

formed showed identical analytical properties to those found for the gels formed by the
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hydrolysis of 0.5 mol dm-3 solutions of (NbCls); in PriOH, EtOH, and ethylene glycol, except
that: (i) EDAX revealed that sulfur was still present within the gels; (ii) FTIR spectroscopy
revealed the presence of SO42- within the gels. As the washing had extracted all the Cl- within
the gels, it appears that for SO42- to be present, it must still be bound to the gel. This could
occur either as SO42- acting as a strong network former, attacking the Nb and remaining bound

(both inter and intramolecularly) as a ligand or that it acts to join oligomers through hydrogen

bonding:-
. : 0
~— . - O—H----- e / S I o
/ \ 0/ \O'—--——?"IP O/,\T)\
5=

It seems probable that the SO42- found within the washed gels is due to SO42- actually
bound to the niobium as a ligand rather than being bound by hydrogen bonding, since CI-
could also act as a hydrogen bonded bridge for oligomers and this is removed by the washing
process. If SO42- is acting as a strong network former, then it should catalyse the hydrolysis
and condensation reactions. To test this 0.5 and 0.05 mol dm-3 solutions of (NbCls); in EtOH
were added to equal volumes of solutions of H2SO4 and Na2SO4, and the time taken to form a
gel noted. Fig.3.5 shows a graph of gel time vs SO42- concentration, and from this it is
apparent that NapSOy is as good as, if not a better catalyst than HpSOg4. Although NaSO4
cannot protonate CI or OR to produce good leaving groups, it can react to form NaCl (which is
far less soluble in alcohols than HCI? and thus lowers the rate of rechlorination of the
hydrolysed species) and NaOEt (which reacts with water to form ethanol and sodium
hydroxide — a powerful hydrolysis catalyst) and so the gelation rates are not that different to
H»SOy4.

At 0.5/1.0 mol dm-3 SO42-, the catalytic properties reach a maximum, and at greater
molarities of S042- the gelation time drops. This is traditionally ascribed to protonation of
hydroxo ligands on partially hydrolysed species allowing the back reactions of alcolation and
chlorination to proceed faster. However this cannot be the case for NapSOg4, and it may be that

an excess of SO42- inhibits the hydrogen bonding between oligomers thus slowing gel

formation:
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Because of the very fast gelation time of the niobium chloroethoxide solutions in the
presence of sulphuric acid, it was possible, by the use of an acid catalyst such as sulphuric
acid, to create films of soft hydrated niobium oxide gel for use as an electrode. This process is

discussed in more detail in the next chapter.

3.6 Conclusions

The products and mechanisms for the hydrolysis and gelation of niobium
chloroalkoxide solutions have been investigated. We have shown that the product of hydrolysis
and gelation is hydrated NbpOs rather than NbClz(OH)3 as previously proposed. We have also
shown that the mechanism for hydrolysis and gelation can be qualitatively explained in terms of
the concentration of the niobium species, the ratio of chloride ions present to niobium and the
pKa’s of the alcohols. Thus the observed trend that the rate of gelation decreases as the
concentration of niobium in a given alcohol decreases is due to the dilution of niobium species
making it harder to form a colloidal network. Secondly, the apparent dependence of the gel
time with HO:Nb is in fact due to the ratio of free chloride ion concentration to the niobium
concentration. As the HpO:Nb ratio increases, the rate of chlorination increases, slowing the
hydrolysis of the niobium species. Thirdly, the observed trend that the rate of gelation
increases as the size of the alcohol increases is due to the increase in pKa values with
increasing size of the alcohols. This means that the smaller the alcohol, the greater the
alcolation occurring and thus the slower the hydrolysis of the niobium species. Finally, the
catalytic properties of HpSO4 and NapSO4 have been examined and indicate that SO42- isa
powerful network former which increases the rate of hydrolysis and gelation of niobium

chloroalkoxide solutions.
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Introduction

4.0 Drying - Shrinkage and Cracking

The process of drying a porous material can be divided into four stages:1
(1) the constant rate period, (2) the critical point, (3) the first falling rate period, (4) second
falling rate period. These are described below and shown graphically in Fig. 4.1.
(1)  The Constant Rate Period (CRP)

The body shrinks by the volume of liquid lost through evaporation. In alcohol/water
gels, the alcohol evaporates preferentially from the pores, leading to a concentration gradient of
alcohol in water. This gradient creates osmotic forces which induce the inter-diffusion of the
liquids within the gel. The liquid/ vapour interface remains at the exterior surface of the gel
network, and so, in order to decrease in size, the gel network is “drawn” into the liquid by
capillary and osmotic forces. However, whilst the solid surfaces of the gel come together,
electrostatic repulsion, hydration forces and solvent structure resist contraction of the gel and
so, in an attempt to allow the surfaces to move apart, more pore liquid diffuses from the
interior to the exterior and is lost by evaporation. This cycle continues until the critical point:-
2) Critical Point

When the critical point is reached, shrinkage of the gel stops and cracking is most likely
to occur, the reason for this being that during the CRP the capillary tension developed in the
liquid as it evaporates is countered by the contraction of the gel. This keeps stress on the gel to
a minimum and the radii of the liquid menisci at the surface larger than the pore radii. However
the gel cannot carry on shrinking indefinitely, because it stiffens as it shrinks. This causes the
stress within the gel to rise and the radii of the menisci at the surface to shrink since interior
liquid is lost by evaporation and the lost volume is not fully countered by a decrease in gel

volume. At the critical point the radii of the menisci become equal to that of the pore radii , the
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CRP ends and the liquid recedes into the gel. The tension in a liquid (P) is related to the radius
of curvature (r) of the meniscus by:!

P = -2y(r)- 4.1)

where 7 is the liquid /vapour interfacial energy.

This means that for gels with small pores, the stresses upon the network, whilst the
liquid recedes into the gel, can exceed the strength of the network. Pressure gradients develop
through the thickness of the gel, such that the gel is more compressed at the exterior than the
interior and thus the strain causes cracking.

3) First Falling Rate Period (FRP1)

The liquid recedes into the interior of the gel, creating air filled pores near the surface.
A continuous liquid film on the pore walls supports flow to the exterior from the interior so the
evaporation continues from the surface of the body.

(4) Second Falling Rate Period (FRP2)

Liquid is trapped in pockets inside the gel, drying can only proceed by evaporation of

the liquid within the body and diffusion of the vapour to the outside.

Fig. 4.1
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Fig. 4.1 Rate of water loss from alumina gel vs water content of gel for various initial

thicknesses (o0 7.5;03.9;01.8;A 0.8 mm) showing the CRP, FRP1 and FRP2 stages. Taken

from ref.(1) p455.
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4.1 Avoiding Fracture
4.1.1 Thin Film Production

It is well known that sol-gel cast thin films (thickness<0.5um), upon drying, form
crackless ceramics. The explanation for this fascinating observation is that the energy that
drives crack growth in a solid comes from the relief of stress in a volume proportional to the
size of the original flaw, whereas the energy invested in growing the crack is proportional to
the surface area created, thus in thin films the surface to volume ratio becomes a barrier to the
growth of the crack. Thouless 2 has shown (for the system shown in Fig. 4.2) that the energy
release rate (G) for such flaws is approximately proportional to the thickness of the film (L) ie.
G~L (when R/a =1). The stress intensity (K) at the tip of the crack is given by;

KaGl2aLl/2 (4.2)

Therefore as L — 0, K inevitably falls below the critical stress intensity of the material
K, and it appears that this point is reached at ~1pum for most films. Thus films less than 1pum
thick do not crack upon drying. A commonly used technique to form such films is that of spin
coating.

Bornside et al3 divide the technique of spin coating into 4 stages; deposition, spin up ,
spin off, and evaporation (see Fig. 4.3) although evaporation also occurs during the other three
stages. An excess of liquid is applied to the substrate surface during the deposition stage. In the
spin up stage, this liquid flows radially outward, and then during the spin off, leaves as
droplets. The rate of removal of excess liquid decreases as the film thins, due to the increased
flow resistance and an increased viscosity due to the concentration of non-volatile components.
During the final stage, evaporation is the primary mechanism of thinning. Spin coating has the
advantage of producing uniformly thick films during spin off. It was felt that it would not be
hard to produce films of NbpOs5 of <0.5um thickness for use in electrochemical experiments,
by application of a spin coating technique, and this indeed proved to be the case.

4.1.2 Thick Film Processing Techniques

Traditionally to make thicker crack-free films a number of methods have been
employed. Firstly, multiple 0.5um layers may be built up on top of each other by, for example,

spin coating. Secondly, thick films may be created as one layer and then dried on a moving belt
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with a stream of air flowing in the opposite direction to the belt. The air is saturated with the
same solvent used to prepare the gel.# This reduces capillary forces and hence differential
shrinkage and cracking. However both these methods are expensive and lead to films which
are prone to cracking. Thirdly, use of supercritical drying, whereby the thick films are
subjected to temperatures and pressures above the critical temperature and pressure of the pore
liquid. This has been successfully used on many alkoxide systems (Al, Ti, Ni, Fe, Mg, Zr).5-7
Here there is no liquid vapour interface and no capillary pressure, and so drying proceeds
without cracking to form an aerogel. However the aerogels collapse upon immersion in a
liquid.

4.1.3 Chemical Additives

Chemical additives can be used to hinder crack propagation within gels and can be
divided into three types:

a) Surfactants, that are added to the pore liquid to reduce interfacial energy and thus decrease
capillary stress. They have been shown to reduce cracking in alkoxide derived gels.8

b)Drying control chemical additives (DCCA), such as formamide, added to the precursor
solvent, which produce larger and more uniform pore size and hence reduce capillary stress.
However formamide is difficult to remove from the gel and often causes bloating and
subsequent cracking.9-14

¢)"Plasticizers™ such as glycerol,!> which when added to the precursor solvent reduce capillary
pressure and are not evaporated, but are retained in the gel, even in the smallest pores, and
provide sufficient compliance (rubberiness) to prevent fracture. Similar work has been done by
Schmidt16 on silicon systems and Schlichting!7 on metal alkoxides, where the plasticizer was
incorporated onto the metal and remained unhydrolysed during drying, allowing for a rubbery
film to form intact.

This chapter describes the methods investigated in order to be able to form both thick
and thin films of NbyOs for use in electrochemical studies. These include the use of spin
coating techniques to form crack-free thin films of NbyO5 as well as the investigation of a
number of different chemical additives to ascertain whether they could cause the crack-free

drying of niobium oxide monoliths and thick films.
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Results and Discussion

4.2 Spin Coatin
4.2.1 Thin Films of NbyOs

Thin films of NbyOs5 were produced by applying 50u1 drops of 0.05 mol dm-3 solution
of (NbCls)2 in EtOH to 5 x 1 x 0.3 cm ITO glass electrodes. The electrodes were then spun at

2000 rpm for 2 minutes and finally dried at 393K for 2 hours. SEM revealed that the films

produced were of the order of 0.1um thick and crackless, and hence could be used in the
electrochemical experiments. Measurements of film weight gave film densities in the region of
3.9-4.1 g cm3. This is close to the density of pure NbyOs powder (4.47 g cm-3) and indicates
a very high NbpO5 composition in a dense and glass-like film. CO; pore analysis (267K)

showed the films had no significant microporous structure.

4.2.2 Thick Films of NbyOs

Having successfully created thin films of NbyOs, we attempted to form thick (~5um)
uniform films of NbyOs in order to increase the optical densities. In order to create uniform
films of 5 um thickness, reproducibly, 50um drops of 0.5 mol dm-3 solution of (NbCls), in
EtOH were applied to 5 x 1 x 0.3 cm ITO glass electrodes and spun at 1250 rpm for 3 seconds.
The electrodes were then immediately placed in 1 mol dm-3 HpSOy for 1 minute for complete
hydrolysis and gelation. The thickness of the films was measured by both SEM and
micrometer methods. Because of the short spin time, the spin coating had only progressed to
the spin off stage and a residual ridge of ca. 10-15um thickness was observed at the very edges
of the film. These edges were stripped off and the exposed ITO glass coated with silicone
grease, to give a thick (5 pm) NbyOs film for use in the electrochemical experiments.

Upon drying of these thick films (5-10 wm) at room temperature it was found that
substantial cracking and peeling occurred, pulling the film from the electrode. Electron
microscopy revealed that the gels had suffered shrinkage and cracking to give isolated islands
of ca.10 um in diameter. It is known that such shrinkage in dried sol-gel processed films is

caused by capillary stresses due to surface tension. Thus, although it was possible to create
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Sum thick films of soft hydrated niobium oxide, they dried within a few hours to form a
cracked gel. Because of the lack of durability of the thick films the use of chemical additives
was investigated. It was hoped that these additives might aid the formation of more durable

thick niobium oxide or niobium oxide like films, that would not crack upon drying.

4.3 Potential Chemical Additives

4.3.1 Ethylene Glycol

Alquier et all8 claimed that using ethylene glycol as the substituting alcohol gave 2
reactions upon addition to NbCls:- an intramolecular reaction to give a bidentate glycerol ligand

X):

cl 0
>Nb/ + HOCH,CH,0H ——> >Nb/ OJ + 2HCI
he s, (4.3)
)

Cl
(X

and an intermolecular reaction (crosslinking):

2 Nb——Cl +HOCH,CH,0H —— Nb—O  O—Nb +2HCI

4.4)
They stated that eq(4.4) would occur without the addition of water, giving a mixed mineral
organic polymer, but that crosslinking via X would only occur if water was present, by the

following reaction;

0
>Nb/o:| +H,0 —NBCL N@—M}
N OH (4.5)

In both cases they further claimed that the gels formed upon hydrolysis led to monoliths
formed through crosslinking reactions. If this was the case then ethylene glycol was acting as a
plasticizer, forming a more compliant, but more strongly crosslinked gel which dried without
cracking and would be ideal for film formation. To investigate these claims a 0.5 mol dm-3
solution of (NbCls); in ethylene glycol was prepared, reacted with various molar equivalents
of water and dried as both film and monolith at three different temperatures. The results are

shown in Table 4.1
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Table 4.1

Gelation Products of 0.5 mol dm™3 (NbCls); in Ethylene Glycol, dried as Monoliths (M) and
Films (F) at the Specified Temperature
Ratio H2O: Nb product at t=75 mins | product at t=2 weeks | product at t=1 hour
F.M 293K F,M 293K F, 313 and 333 K
0:1 white liquid cracked glass cracked glass
10:1 white viscous liquid cracked glass cracked glass
32:1 white gel cracked glass cracked glass

Actual gelation time for the 32:1 HpO:Nb solution is ~ 75 mins. Immersion of the 10:1
H»O: Nb ratio films in 1.0 mol dm-3 sulphuric acid caused immediate gelation, however the
films formed were uneven and “stringy” and dried at 293K to give cracked glasses. Similarly,
addition of 1.0 mol dm-3 hydrochloric acid to the 10:1 HoO: Nb ratio monolith solutions also
gave cracked glasses upon drying at 293K.

It would appear from our work that niobium chloroethyleneglycoxides do not
hydrolyse and gel to give uncracked monoliths. Our analysis of the gels showed that, upon
addition of water, the ethylene glycol is hydrolysed off to give hydrated niobium oxide (see
section 3.3.2), rather than the intermolecular bonded species claimed by Alquier et all8 in
eq(4.5). The hydrolysis to niobium oxide is not surprising as it is observed for the other
alcohols as well. Thus, it seems that alcolation via intermolecular bonding during hydrolysis,
as proposed by Alquier et al, to give a crosslinked monolith is unlikely. These gels were

checked for electrochemical activity (see chapter 5).

4.3.2 Diacids

As ethylene glycol had not proved successful as a plasticizer and anti-cracking agent, it
was felt that the addition of a chelating group, such as a CO2- group, which would remain
bound to the niobium after hydrolysis might work. It was hoped that the diacids would bind
via CO7- groups to form intermolecular species like those claimed for ethylene glycol. They

might also act as DCCA’s and produce a more uniform pore size, as the diacids would be able
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to hydrogen bond across the diameters of the pores, thus regulating size and producing a
counter force to drying tension. Unfortunately this did not prove to be the case.

Two diacids were tried: adipic acid (CH2CHz COOH); and 1-10 decanedicarboxylic
acid. Saturated solutions of both acids in water and 50/50 water/ethanol were prepared and
mixed with 0.5 and 0.2 mol dm-3 solutions of (NbCls); in ethanol in a 10:1 ratio HyO:Nb to
give films and monoliths. However, in all cases, drying at 293K gave cracked films after ~6

hours and broken glass monoliths after two weeks.

4.3.3 Bis-cyclopentadienylniobium chloride (NbC13Cp»)

The literature was searched to try and find a niobium compound which contained
nonhydrolysable groups. These nonhydrolysable groups might act as bound plasticizers and
reduce capillary pressure and perhaps produce a more uniform pore size. The only compound
which appeared to have this property was NbCl3Cpo, which Wilkinson and Birmingham
claimed!9 reacted with water to form NbCl,Cp,OH. If this was indeed the case then the
cyclopentadiene groups had the potential of acting as bound plasticizers. However, upon
reacting 0.5ml aliquots of a saturated green/brown solution of NbCI3Cp2 in methanol (~0.05
mol dm-3) with 0.5ml volumes of H,0, 1 mol dm-3 HSO4, and 0.1 mol dm-3 NaOH only
cracked solids were formed. Both the HoO and NaOH mixtures gave a yellow solution which,
when left for 72 hours, gave a cracked yellow/brown “mud”. The acid solution immediately
gave a gel which also gave a cracked yellow/brown “mud” after 72 hours at room temperature.

Reacting the NbCl3Cp, solid with excess water gave a white precipitate after 72 hours.

4.3.4 Miscellaneous Chemical Modifications

The use of amides, such as formamide and DMF, as drying control agents 9-14 could
not be overlooked and so three solutions of 1.25 mol dm-3 (NbCls), in formamide, methyl
formamide and dimethylformamide were prepared. Likewise, the possibility that the lowering
of the quantity and type of solvent in the gel might aid crack-free monolith formation, led to the
preparation of solid (Nb(OPri)s), and (NbCls)7, 6 and 3 mol dm-3 (Nb(OEt)s), in EtOH and

pure liquid (Nb(OEt)s)2 and Nb(OPri)4Acac. The lowering of the quantity of solvent would
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hopefully produce denser gels that would not undergo as great a shrinkage as the ones formed
previously, and thus not be subjected to as great a drying stress.

These nine systems were then reacted with i) 5 eq. of H2O and ii) 5 eq. H20 + 1/4 eq.
formamide, stirred vigorously for 5 seconds and allowed to gel. After drying at room
temperature for 2 weeks all had formed cracked glasses. The inability to form uncracked
monoliths by reducing the quantity and type of solvent implies that even if denser gels were
formed, the attached ligands did not, in any way, increase the size and uniformity of the pore
radii and so the stresses felt at the critical point of drying still pulled the gels apart. The failure
of the amide solutions to form crackfree monoliths is surprising and harder to explain. They
either did not modify the pores enough or it is possible that the lab air was too moist as the
crackfree silica gel monoliths processed with DMF cracked on exposure to water vapour. 11,12
These amide processed gels would have warranted further investigation had it not been for the

success of other systems.

4.4 Use of Organically Modified Silanes

4.4.1 Mixed Silicone/NbO Gels

Over the past few years research has been conducted into the properties of a new group
of silanes- ORMOSILS, ie.Organically Modified Silanes, which have a non hydrolysable
organic group attached to the silicon. This non-hydrolysable group is very important in the
drying properties of the gels derived from these materials because it acts as a bound plasticizer.

"Glymo", 3-(glycidyloxypropyDtrimethoxysilane (see below) is an example.

QA SiOMo);
\of (4.6)

Glymo has been developed by Schmidt et all6 for the production of new contact lens
materials20 and membranes on porous supports.2! Work done by our group has shown that
durable, porous, inorganic/organic coatings can be prepared by spin coating, dip coating, or
painting methods with glymo.22 The hydrolysis and condensation of glymo occurs in
methanol/water solutions, is catalysed by acids and gives, on drying, gels which are not strictly

glasses but rather a type of polymer (silicone).
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If excess water is added during hydrolysis then the reaction is;

RSi(OMe)3 + H20 — RSi(OH)3 + 3MeOH 4.7

RSi(OH)3 —=(RSiO 5)n + 1.5H20 (4.8)

Research on glymo hydrolysis22 has shown that the non hydrolysable epoxide group
acts as a drying control agent in that it reduces surface tension stresses within the pores, by
increasing pore size and by ensuring an even distribution of pores and pore radii throughout the
condensing gel enabling thick coatings to be made which were crackfree and highly durable.
This work also showed that the optimum temperature for hydrolysis and condensation is
353K. Higher temperatures lead to bubbles of MeOH and H7O vapour trapped in the polymer;
lower temperatures lead to longer heating times for full gelation.

Orgaz and Rawson?23 have shown it is possible to create mixed SiO/MOy glasses for M
= Co, Cu, Cr. Likewise, Schmidt et al 24 have prepared Fe and V containing ormosil gels.
Thus it seemed possible that if glymo and the niobium chloroalkoxides could be mixed

together and then hydrolysed they might form a mixed, crosslinked polymer of the type;
2 Ji/

> Y
| (4.9)

This copolymer would hopefully have the crackfree properties of the glymo coupled with the
electrochromic properties of the niobium oxide. Initial experiments were conducted to see if
mixed hydrolysis would work using 0.35 mol dm-3 solutions of (NbCls), in
80%MeOH/20%PrOH (NbCIOR) mixed with various quantities of glymo, water, methanol
and phosphoric acid and dried at 293K or 353K. The results are summarized in Table 4.2.
Table 4.2 shows that the normal hydrolysis of glymo, requiring a MeOH/water
mixture, due to glymo's immiscibility with water, was not required since the alcohol in the
NbCls solution acts as a solubility enhancer. In addition, the phosphoric acid catalyst was
unnecessary since HCI is present in the NbCls solution. It was decided to do a detailed survey
of the types of gels formed, depending upon the Nb:Si:H»O molar ratios, in order to find the
tolerances of the system. In this series of experiments 0.25 mol dm-3 and 0.5 mol dm-3

(NbCls)2 solutions in ethanol were mixed with glymo and water, heated for 18 hours at 353K
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Table 4.2

NbCIOR | H20 | H3PO4 | MeOH | Glymo | 353K | Gel Description, at specified time

ml ml ml ml ml after mixing

1 1 0.04 | 0.16 4 3 days clear hard polymer

1 3to 10| 0.08 | 0.16 4 3 days clear viscous liquid

1 1to 10| 0.04 | 0.16 4 v 2 to 4 hrs clear yellow elastic
polymer

1 1 4 3 days clear colourless polymer

1 3to 10 4 3 days viscous clear liquid

1 1to 10 4 v 2 to 4 hrs clear yellow elastic
polymer

1 1 0.04 1to2 | ¢ | 1hrclearyellow elastic polymer

1 1 0.04 0.5 v 0.5 hr cracked white polymer

and the resulting polymer examined. The initial percentage moles of Nb, Si and water were
calculated and the type of polymer plotted on a 3 way graph shown in Fig. 4.4.

It is clear from Fig. 4.4 that 3 main zones exist:-

i) Nb>Si leading to clusters of niobium oxide within a Si-O polymer which resemble a

sand and glue mixture;

ii)Si>Nb forming clear crack free polymers;

iii)Nb/Si~1 leading to clear but bubbled and cracked polymers.

The Nb>Si polymers were undesirable since flaws caused by the niobium oxide
clusters lead to cracking of the polymers. Likewise Si>Nb did not appear promising as SiO3 is
not an electrochromic material. Ideally we required a Nb/Si~1 ratio which produced bubble and
crack free polymers. Furthermore, the stoichiometry of hydrolysis requires that at least 80% of
the molar species had to be water for complete hydrolysis to be assured. As the bubbling
implied that the reactants had been heated too hard, the experiment was repeated at the lower

temperatures of 343K and 323K, using a 0.25 mol dm-3 (NbCls) solution in ethanol, mixed
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polymer; (B) is clear hard gel, but cracked or bubbled; (C) clear hard gel.
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with H70 and glymo at the percentage molarities marked (by X) on Fig. 4.4. This time though
both monoliths and hand dipped films were prepared.

All the samples in the flasks at 343K contained bubbles whilst the samples in the flasks
at 323K went cloudy after a week. A possible explanation for this is that at the lower
temperatures, glymo fails to fully hydrolyse and continues to do so once removed from the
oven. Thus hydrolysis, due to trapped H20O and atmospheric moisture, could cause local
expansion in the gel and hence flaws. If these flaws were small enough it is possible for them
to scatter light. However all the films with a Nb percentage molarity < 10% were uncracked
and none went cloudy. The FTIR data for the 9:9:82 polymer, shows that full hydrolysis has
occurred since no Si-OR peaks (at 850-750 cm-! and 1460 cm-1), no Nb-OR peaks (at 580
cml) nor any peaks due to free alcohol are observed.

Mixed silicone/NbO polymer electrodes were obtained by mixing the required volumes
of niobium chloroethoxide solutions, glymo and water, and then spreading a 6yl drop of the
resulting solution onto 2 cm? of an ITO glass electrode and heating in the oven. A variety of
temperatures higher than 323K and two different molarities of (NbCls); in EtOH were used to
find the tolerances for drying without cracking for the 9:9:82 and 8:12:80 systems. It was
hoped to produce electrodes which would prove resilient to electrochemical cycling in organic

solvents. Table 4.3 contains a summary of these results.

Table 4.3
mole ratio (NbCls)2 oven Heating time | Cracked film
Nb:Si:H20 molarity | temperature K (hr) ?
mol dm-3
9:9:82 0.2 335 24
9:9:82 0.5 335 24 v
9:9:82 0.2 338 18 v
9:9:82 0.2 353 18 v
8:12:80 0.2 335 24
8:12:80 0.5 335 24 v
8:12:80 0.2 338 18
8:12:80 0.2 353 18
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The films produced were ca. 20um thick. Thus, to form uncracked films, it would
appear that low heating temperatures are required, as well as a low molarity of NbCls in EtOH.
CO; pore analysis (267K) on these mixed NbO/silicone films showed them to be microporous,
having a micropore volume of 0.053cm3g-1 and a micropore area of 142m2g-1. This is slightly
lower than glymo films which were found to have a micropore volume of 0.086cm3g-1 and a
micropore area of 192m2g-1. The glymo films and the mixed films have very similar modal
pore diameters of 1.56nm and 1.50nm respectively. The uncracked mixed NbO/silicone films

were tested for electrochromic properties and the results are discussed in chapter 5.

4.4.2 Composite Systems

As a final possible solution to the problem of thick niobium oxide films cracking upon
drying, the possibility of producing a composite electrode was investigated. The hydrated
NbyOs gel is porous and so it seemed likely that glymo, or a glymo/niobium alkoxide solution
could be diffused into the NbpOs5 via the gel's pores and hydrolysed to form an interlocking
framework. This flexible polymer framework would hopefully relieve the stress on the
niobium oxide during drying to give a crack free film and yet still allow ion insertion into the
niobium oxide to form a bronze.

Thick niobium oxide films were prepared and then these soft films were dipped in
either a glymo/MeOH/ water mixture or a 5:13:82 Nb:Si:water mixture or a 9:9:82 Nb:Si:water
mixture and spun again to remove excess second coating and then heated at 353K for 3 hours.
Whilst the 9:9:82 second coated films always cracked and peeled even when heated at 315K,
application of both the glymo/MeOH/ water and 5:13:82 Nb:Si:water mixtures produced
uncracked composite films, which were tested for electrochromic properties (see chapter 5).

EDAX of the uncracked films showed that for the glymo and 5:13:82 mixture
composites, Si had diffused all the way through the hydrated niobium oxide. The reason as to
why the 9:9:82 films always cracked is unclear, but it could be due to the fact that this second
coating failed to fully diffuse through the original gel film and hence the soft niobium oxide

pulled away from the ITO upon drying. SEM of the films showed that they were ~5um thick
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Fig. 4.5. SEM picture of the 5:13:82 composite film, edge on.
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and a SEM picture of a 5:13:82 composite film, edge on, is shown in Fig.4.5. Both types of
second coating were uncracked after 2 weeks at room temperature but after 4 weeks had
cracked and peeled.

It would seem therefore that the overcoat layer of glymo composite did indeed reduce the
drying stresses and give rise to a longer lived thick film. During drying the role of the glymo
may be one or more of the following:-

(1) it provides flexibility during the drying process thus preventing large capillary forces from
cracking the material;(2) the epoxide chains on the silicon may act as a hydrophobic barrier,
forming less porous pore walls and thus trapping H,O in the metal oxide and hence slowing
the drying process;(3) It may act as a pore size regulator, creating more uniform pore sizes and
hence lowering the cracking stress. Pore analysis on the mixed NbO/silicone films showed that
they retained glymo gel’s characteristics rather than niobium oxide, ie. they did not dry to give
a nonmicroporous glass but a microporous gel. It seems reasonable to assume that the overcoat
layer imparts this characteristic to the soft niobium oxide film and that the composite film dries
to give a microporous gel, rather than a dense cracked glass. The diffusion data in chapter five

tends to support this view.

4.5 Conclusions

It has been shown that it is possible to create uncracked 0.1um thick films of NbyOs
which have a high density and are not microporous for electrochemical testing. It is also
possible to produce thicker, Sum films, however these films are soft gels and crack within 4
hours on drying at 293K. More durable thick films can be prepared which do not crack
immediately on drying at 293K by the application of a second Nb/silicone composite coating.
This second coat retains the drying characteristics of its silicone component and produces
microporous films. The Nb/silicone composite coating may also be applied to form thick
durable microporous films it its own right. Furthermore, the use of chemical additives such as
ethylene glycol and diacids to form crackfree films of NbpOs5 has been investigated but they

were found not to hinder crack propagation.
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Chapter S

Electrochromic Properties of Nb>Qs_Films

5.0 Introduction

An electrochromic material is one in which a visible absorption band can be introduced
reversibly by the passage of current through the material, or by application of an electric field.
These materials are of interest for display devices.! A major requirement of an electrochromic
material is that it exhibits mixed conduction, ie. both electronic and ionic conductivity.
Typically a metal redox centre is generated by injecting electrons, and for charge neutrality to
be preserved cations must be allowed into the material. Since it is usually the movement of ions
which is rate-limiting, materials with fast ion conduction at room temperature are desired
(usually with H+, Li+ or Na* ions).2 Often such materials are amorphous and of low density
so as to provide an open framework for rapid ionic diffusion. Amorphous materials also have
the advantages of flexibility of composition, high concentrations of vacancies for ionic motion
and generally are more easily prepared as the thin coatings necessary for display devices.
Materials which have been investigated include WO3,3 Prussian Blue,# and organic molecules
such as alkyl viologens.>

Whilst WO3 has been extensively studied, other oxides, such as NbpO5 have received
much less attention. Thin NbyOs films have been prepared by thermal® (500 ©C) or anodic’
oxidation of the metal, and by oxidation of sputtered NbNy.8 Unfortunately the metal oxidation
routes preclude the use of the electrochromic films in most display devices where the metal
oxide is sandwiched between optically transparent electrodes; however, they can be used in
reflectance mode. Finally, it is also possible to sputter NbyOs thin films.?

This chapter describes the properties of three new types of electrochromic NbyOs films
obtained using the sol-gel method. The different procedures used to form these films are
detailed in chapter 3. Sol-gel processing has the advantages of control of porosity and
structure, convenience and the ability to coat large objects with adherent films. 10:11 The sol-gel

method has already been successfully employed in the synthesis of V205, TiO212 and WO313
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electrochromic devices. However, the sol-gel process can only be used to make crack-free
films of thickness < 0.5 um. Typical electrochromic efficiencies are 10 mC c¢cm2 for V705,
corresponding to an optical density of ca 0.5 in a film of thickness 0.5um.12 For greater
display densities a method for producing thick (5 um), crack-free electrochromic films with
fast response times would be desirable. This chapter reports the electrochromic properties of
both thin film NbyOj electrodes and of thick-film NbyOs electrodes and the stabilisation of the
latter by overcoating with a silicone based gel to give a more durable composite electrode. This
composite is related to the organically modified ceramics or silicates (ORMOCERS or

ORMOSILS) introduced by Schmidt et al.14

Results and Discussion

5.1Thick (>0.5um) Films

5.1.1 Preparation of Nb»Os Films

NbyOj5 films were prepared by the spin coating method onto ITO optically transparent
electrodes of 1 mol dm-3 NbCls/EtOH solution which was subsequently hydrolysed in acid.
The NbCls/EtOH solution has been shown to contain chiefly NbCls_x(OEt)x type species, Thus

the hydrolysis follows:-

\

NbClx(OEt)s.x + SH2O — 1/o)NbOs + (5-x) EtOH + xHCI 5.1

X-Ray diffraction, EDAX (energy dispersive analysis by X rays), Cl- and Nb analysis

confirmed that the resulting film was hydrated amorphous NbOs.

Upon drying of these thick films (5-10 pum) at room temperature it was found that
substantial cracking and peeling occurred, pulling the film from the electrode. Electron
microscopy revealed that the gels had suffered shrinkage and cracking to give isolated islands
of ca.10 pm in diameter (Fig. 5.1(a)). It is known that such shrinkage in dried sol-gel
processed films is caused by capillary stresses due to surface tension.!0 For this reason the

soft hydrated amorphous NbOs films proved unstable to potential cycling in cells containing
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Fig 5.1(a)

drying at 293K for 4

Fig. 5.1. SEM photographs of (a) thick NbpOs5.xH70 film after

s; (b) thick NbyOs.xH0 film after failure during electrochemical potential cycling (5

hour

cycles) in 0.5 LiClO4/MeCN.
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non-aqueous solvent. SEM (scanning electron microscopy) upon cycled films that failed (Fig
5.1(b)) shows a similar set of cracking and islands of about 10 pm diameter to those found in
the dried films. The films proved to be a little more stable when 1.0 mol dm-3 HSOy4 (aq) was
used as the solvent/electrolyte.

In order to increase the longevity of the electrochromic films, several modifications of
the procedure were attempted. (a) Using the method of Alquier et all5, 0.5 mol dm-3 (NbCls);
in ethylene glycol was used as the sol precursor to gelation. While electrochromic films were
produced with this method, their durability was actually less than that of the NbyOs5.xH20
films described above. These films are described in section 5.7. (b) Mixed NbO/silicone gels
were produced by the addition of the trialkoxysilane, 3-glycidoxypropyltrimethoxysilane
("glymo") to the niobium chloroalkoxide precursor, (where the Si/Nb molar ratio ~1) followed
by hydrolysis. No electrochromic response was observed for any of these films, however the
microelectrode properties of some of these films are described in section 5.8. (c¢) Finally the

composite system, described below, gave more robust electrochemically active films.

5.1.2 Preparation of NbyOs Films With Glymo Composite

A full range of composite molar ratios were tested for the second coating, as were
spinning speeds and times; however, most of the films thus produced failed for a number of
reasons:- reproducibility, film cracking and loss of electrochromic properties.

The thick NbyOs5 films previously described were prepared, excess water was gently
blown off and while this film was still moist, the second coating of Nb:Si:HpO of 5:13:82
mol ratio solution was applied by dipping the electrode in the solution, spinning for 3 secs at
1250 rpm and dried at 60 ©C for 3 hours. These films showed significantly greater durability in
non-aqueous solvents but broke up on immersion in water/acid. The films were rougher in
morphology (Fig. 5.2(a)) than the uncoated NbyOs films. EDAX revealed that the Si in the
second coating had penetrated throughout the full 5 pm thickness of the film, thus we prefer to
describe the electrode as a composite rather than a heterogeneous 2-layer structure.

Electrochemical failure was accompanied by the same type of microcracking as in the uncoated

105



. 5.2(a

Fi

. 5.2(b

Fi

W AT S
R
S A7

o

s.....
a M
o
=y

Fig. 5.2. SEM photographs of (a) composite film after drying at 293K for 4 hours; (b)

composite film after failure during electrochemical potential cycling (30 cycles) in 0.5

LiClO4/MeCN.
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NbyOs films (Fig. 5.2(b)). This type of microcracking was also observed in the films if they

were left for 4 weeks at room temperature to dry.

5.1.3 Cyclic Voltammetry
Cyclic voltammograms (CV's) run at 100mV/s of both the coated and uncoated films on

ITO electrodes in 0.5 mol dm-3 LiCIO4/ MeCN are shown in Figs. 5.3(a) and (b). The
potential range covers the potentials controlling the colouration and bleaching processes. The
onset of the blue colouration is observed when the potential reaches -0.4V. Both CV's exhibit a
very large cathodic current at potentials less than -0.4V but this is presumably partly due to Hp
evolution, at either the ITO/NbyO5.xH2O interface or at Nb (IV) sites within the electrode,
rather than colouration current and is discussed later. On the reverse sweep an anodic peak is
observed at -0.5V associated with the bleaching of the electrode. The CV’s shown in Fig. 5.3
are characteristic of NbpOs undergoing electrochromic reactions.6-8 Roughly 50% of the
composite electrodes required 2-3 cycles of "breaking in" or "conditioning" before maximum
contrast was observed between the bleached and coloured absorption. This is a common
phenomenon seen in electrochromic films due to the solvent opening of the pores. SEM
showed no apparent morphological differences between the composite electrodes which
required breaking in and those which did not. However, the composite sol has to diffuse
through the pores and undergo gelation within them. This would give rise to smaller pore sizes
and presumably some partly closed pores which would require breaking in. Similar CVs are
observed for the uncoated NbyOs films in 1.0 mol dm-3 HySO4(aq); however, the coated films
are unstable in aqueous media.

The optical absorption changes on colouration of the thick NbyOs films in 1.0 mol dm-3
H)SOy4 at -0.875V (Fig. 5.4) are dominated by the broad structureless band which peaks at A>
800nm. In 0.5 mol dm-3 LiClO4/MeCN, at -0.80V, both the coated and uncoated films gave
similar spectra to that shown in Fig. 5.4. Under the model proposed by Faughnan and

Crandalll6 this absorption is associated with Nb-bronze formation:-
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Fig. 5.4. UV-visible changes in NbyOs/ITO absorbance in (a) the bleached state (OV vs
SCE) and (b) the coloured state (-0.875V vs SCE). Medium: 1.0 mol dm-3 HSOyg4, film

thickness Spum.
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xM* + xe” + NbpOs <=— M,NbOs (5.2)

white blue Nb-bronze

M+ can be H*, Li*, Na*, and so on.

Simultaneous injection of electrons and cations is necessary to maintain charge
neutrality. The Nb-bronze can be written as (Nb!YOM),(Nby_x YOs.5), and thus the colouration
comes from a photon-induced electronic transition between the Nb!V and the NbV.8 Whether
the colour front associated with the Nb-bronze formation moves from the electrolyte/electrode
interface to the electrode/ITO interface!6 or in the opposite direction, as suggested by Deb,17 is
as yet unclear. The reaction is related to the same process observed in crystalline Nb-
bronzes.!8 The kinetics of interconversion between bleached and coloured states is described

below.

5.1.4 Durability

For the uncoated NbOs films the absorbance maximum of the coloured state (-0.875V)
decays very rapidly with the number of cycles (100mV/s) as shown in Fig. 5.5, whilst
simultaneously the background absorbance of the bleached state increases, possibly as a result
of incomplete bleaching, or more likely due to the increased light scattering properties of the
cracked film. The two states become indistinguishable after only 4 cycles, and the electrode
suffers the dramatic peeling referred to earlier (Fig. 5.1(b)).

As noted earlier, different behaviour is observed for the glymo NbyO5 composite film
(Fig. 5.5). Here, there is often the rise in absorbance of the coloured state to reach a maximum
at about the third cycle (breaking in) followed by a steady decay. Alternatively a steady decay
from the initial absorbance maximum on the first cycle is observed. For both cases after
prolonged cycling (30 cycles, typically) the two states are indistinguishable and the electrode is
deemed to have failed. Visually, at this point, only the outer edges of the electrode have been
observed to retain any of the blue bronze formation. The morphology of the film suggests
cracking and peeling (Fig. 5.2(b)) in a similar way to that of the uncoated electrode.

We propose two possible mechanisms for the rapid failure of these films:- (i) peeling

due to Hp evolution on the cathodic sweep; (ii) rapid dehydration of the hydrated oxide layer
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either by HO diffusion into the non-aqueous solvent, or HyO binding as water of hydration to
the Li* ions cycling in and out of the film. It is interesting to note that uncycled NbyOs films
left in MeCN for a few hours will, upon removal, show similar cracking patterns to those
shown in Fig. 5.1 lending credence to (ii). Those left in sulphuric acid tended to peel in large
area pieces from the ITO, implying that here dehydration of the oxide film was not so much of
a problem as the formation of a water layer between the film and the ITO.

That the composite dramatically increases cycling lifetime can thus be explained. If
mechanism (i) is operating then the composite may be slowing down the diffusion of H* or the
more “elastic” nature of the film spreads the stress caused by Hp evolution more evenly and
thus slows cracking. If mechanism (ii) is operating then the composite may be serving as a
barrier to HpO/MeCN exchange and dehydration. If this is so then it may be possible to
eliminate film failure during cycling by the predrying of the films at a reduced drying rate. This
is achieved by drying the films in a stream of air saturated with the solvent used in the sol and

is commonly used in industry.

5.2 Kinetics of Thick NbyOs_Electrochromic Films In LiClO4/MeCN

The kinetics of colouration and bleaching (in 0.5 mol dm-3 LiC104/MeCN) may be
studied by stepping the potential between the bleached state (OV vs SCE) and the coloured state
(-0.8V vs SCE) and back, whilst monitoring the time-dependence of the current
(chronoamperometry) and the absorbance at 800nm (chronoabsorptiometry).
Chronoamperometric results for the NbpOs5 and the NbyOs/silicone composite electrodes (Fig
5.6 and 5.7(a)) revealed that for both electrodes the full cycle is complete in ca. 40 secs. In
each case the bleaching current decays considerably faster than the colouration current.
Furthermore the colouration charge (area under the i-t curve) is much larger than the bleaching
charge. This has been observed in a number of electrochromic systems8.9 and appears to be
due to hydrogen evolution on the cathodic potential excursion. Due to the high initial electronic
resistance of the bleached composite film the colouration current rise time of the composite is
very sluggish. In addition, chronoabsorptiometric data is shown for the composite electrode

(Fig. 5.7(b)). The coulombic efficiency (n) for electrodes is given as:19

112



-0.8V 0.0V

Fig 5.7(b)

0.0V
-0.8V 1

0.1Abs |

—
1s

Fig 5.6 and 5.7(a). Current-time curve for NbpOs5 and composite electrodes
respectively, on stepping the potential from OV to -0.8V (vs SCE) and back to OV. Fig. 5.7

(b), chronoabsorptiometric curve (800nm) for the composite electrode. Medium: 0.5 mol dm-3

LiClO4/MeCN.
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AOD x A
o BODER (5.3)

AOD = difference in opt. density
between bleached and
coloured states

A = area of electrode (cm?2)
Q = total charge passed
during colouration
Typically, for the composite electrode of AOD = 0.05, the charge passed during
colouration is ~4.9 mC. Thus the electrochromic efficiency for these 0.6cm?2 electrodes is 6
cm? C-1. This value is comparable to the ca.10 cm2 C-1 reported earlier for sputtered NbyOs,20
but lower than the 25 cm2C-! value reported for NbyOs (at 620nm) obtained via the oxidation

of sputtered NbNy.8

.2.1 Colouration Kineti

Application of a large overvoltage, as the colouration potential, during
chronoamperometry experiments ensures that the reactant centres at the film interface are
consumed rapidly. Thus, film charge propagation (ie. diffusion of M* within the film) rather
than interfacial kinetics (ie. M* injection at the film/electrolyte interface) is the rate determining
step.16.21.22 Because at short times the depletion of reactant centres has not reached the outer
interface of the the film, semi-infinite diffusion prevails and thus the Cottrell equation
applies:8.21,23

nFAD!2C QuuD!2 d?2
I(t) = nlﬁzt”z i dt”z ) ISD’

(5.4)

Where Qo is the total charge passed during the colouration step (in C), t is the time taken
(sec), A is the macroscopic area of the film (cm?2), F is the Faraday constant, C is the
concentration of reactant sites (mol cm-3) and d is the thickness of the film (cm). Thus the

diffusion coefficient (Dp+) may be obtained from the slope of the i vs t-1/2 graphs and plots
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2
should extrapolate to the origin. At longer times (t > d—) the finite nature of the reactant

reservoir results in lower currents.21,23 Figs 5.8(a) and (b) show for both the NbyOs and the
composite films, respectively, that the decaying part of colouration current-time curve follows a
t-1/2 dependence. For the composite electrode, during the initial few seconds when the
colouration current rise-time is sluggish due to high initial resistance (causing an
uncompensated “iR” drop), the curve deviates from this t-1/2 dependence. Furthermore, the
plot for the composite electrode (Fig. 5.8(b)) intercepts the negative current axis at infinite
times. This reflects lower than expected current values due to the resistance of the electrode?!
and has been observed in other systems using ITO electrodes.® For each of the two types of
electrode the derived diffusion coefficients (Table 5.1) are independent of the particular cycle
taken. These diffusion coefficients imply that diffusion is slightly slower in the composite than
in the pure NbyOs film. A possible explanation for the slower diffusion rate in the composite is
that the silicone layer has diffused and gelled in the very same pores and grain boundaries that
the M* is trying to move through. The fact that the diffusion coefficients for both types of film
are of the same order of magnitude would imply that the application of the overcoat layer has
created a film which is microporous and similar to the microporous structure of the soft pure
NbyOs5 gel.

The order of magnitude of these results compared with similar systems (Table 5.1),
suggest that the diffusing species is H*, not Li*. Although both the acetonitrile and LiClO4 had
been thoroughly dried, the films themselves could act as good proton sources, having water
and sulphuric acid trapped within their pores. The claim that protons are the dominant diffusing
species, responsible for the observed colour change was confirmed by cycling the composite
electrodes in a 0.1 mol dm=3 solution of tetra butyl ammonium hexafluorophosphate in
acetonitrile. As the tetra butyl ammonium ions are too large to form Nb-bronzes, no
electrochromic behaviour would be expected to be seen. However, upon cycling both a colour
change and a CV typical of electrochromic NbpOs were observed, implying that protons

trapped within the film pores were inserting into the NbyOs reactant centres to form HxNb2Os.
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Table 5.1

Diffusion Coefficient Film Composition
Our work Pure NbyO5 Films (S5um) Composite Film (5pm)
Dym+ (cm2s-1) (2.04 £0.36) x 10-8 (1.43+ 0.31) x 10-8
Our work 0.1pm NbpOs Films, (M=H) | 0.1um NbyOs Films, (M=Li)
Dm+ (cm?2s-1) (1.38 £0.47) x 10-13 (9.87 £0.32) x 10-15
Sputtered NbyO5(2) Amorphous WO3(®)
Dy+ (cm?2s-1) 1.5x 108 1.9x 108
WO3®) Amorphous WO3(©)
Dy i+ (cm?s-1) 1.9 x 109 5x 10-10
50:50 LioO/Nbyp)s(d) 40:35:25 LipO/WO3/NbO5(@)
Dy i+ (cm2s-1) 3.4x 10-10 3.6 x 109

(a) is reference 8.
(b) is reference 24.
(c) is reference 25.

(d) is reference 9.

Furthermore, if part of the chronoamperometric current observed in Fig. 5.8(b) is due to

Li* diffusion, the following equation would now apply:
i a (aDg+ +bDy j+)12¢-172 (5.5)
where a and b are the mole fraction of H*and Li* respectively

As Dy+ is between one and two orders of magnitude greater than Dy j+ (see Table 5.1) the
presence of even small amounts of H* would cause Dy+ to dominate the observed slope of i vs
t-12 graph. Thus Li*+ diffusion can be ruled out as an observed mechanism. This also explains
the observed difference between the colouration charge and the bleach charge ie. the difference
is due to Hp evolution. If the colouration current had been due to Li* diffusion then there
should be no observed difference between these charges as the reduction of Li* to Li occurs at

-3.04V (NHE), well below the colouration potential applied.
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Absorbance-time transients for the composite electrode may be analysed by assuming
that the absorbance (OD) is proportional to the charge passed.8 Thus by integrating eq.(5.3) we

obtain :-

2nStl/2

OD= —+

+ OD, (5.6)

where 1 is the electrochromic efficiency, S is the slope of I (t-1/2) graph, A is the macroscopic
area of the electrode and OD,, is the value of OD at t=0. However, plotting OD vs t!/2 (Fig.
5.9) gives a sigmoidal plot similar to that obtained for sputtered films.8 The sigmoidal
dependence is probably due to hydrogen evolution. Hydrogen evolution has been observed in
amorphous NbyO58 and LipO/NbyO5 films,? Srg.9sNbO3._g films26 and crystalline NbyOs
films27 held at potentials less than -0.3V (vs SCE). Manoharan and Goodenough26 have
shown that in the Srg 9sNbO3.g system, there occurs not only a Nb(V)->Nb(IV) reduction
(similar to eq(4.2)), but also a hydrogen evolution reaction of the following type occurs:
NbIVOH + H* +e- = NbVO + Hj (5.7)
This reaction is facilitated by the mixed NbY/Nb!V valence that occurs throughout the film.
Thus absorbance (OD) is no longer proportional to the charge passed, as part of the charge
flow is used to oxidise coloured reactant centres back to NbV, as shown in the following
reaction:
HxNbyOs5 + xH* + e- — NbyO5 + xHp (5.8)

Between t=1 and t=5 secs Fig. 5.9 appears to follow a linear dependence. Calculations
using eq(5.6) and the values of S obtained from the earlier i vs t-1/2 plots give values of 1
between 3 cm2C-! and 7 cm2C-1 which are close to the value of 6 cm2C-! obtained earlier. This
implies that, initially, absorbance is proportional to the charge passed and that Hy evolution
does not occur until a reasonable quantity of Nb!V sites are present.

Thus Hj evolution could cause the composite films to slowly break up and this could
only be circumvented by the removal of the HySO4 catalysed formation phase of the film

production (to remove the H+ within the film), followed by complete drying of the film.
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Fig. 5.9. Typical optical density vs t1/2 plots for the colouration current transients of the

composite electrodes .
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5.2.2 Kinetics of Bleaching

According to Faughnan et al?8 bleaching of WO3 films is determined by the migration of
cations through an electric field developed across the electrochromic film and thus the current is
not limited by any interfacial barriers and is expected to decay as t-3/4 (rather than t-1/2 as in the
diffusional model). However, log(i) vs log(t) plots for bleaching of our uncoated and
composite coated films did not show this or any other simple dependence for either the
uncoated NbyOjs or for the composite film. The reason for this became apparent when In(i) vs t
graphs were plotted — a linear dependence was observed. This is due to the cell geometry, — as
the spacing between the working and counter electrodes was ~1mm, a thin layer cell had been
inadvertently set up.

In thin layer cells, the amount of electrolyte between the electrodes is finite and thus
steep concentration gradients are set up between the electrodes when a potential is applied
(unlike bulk solutions where the concentration can be considered constant) and this gives a
characteristic i o e’kt dependence.29 During the colouration cycle the diffusion of the protons
into the film reactant sites is slow compared to the diffusion of the electrolyte in between the
plates and is thus the rate determining step. However, during bleaching the diffusion of the
charge out of the film is fast and hence the diffusion of the electrolyte between the plates is the
rate determining step.

In order to observe the bleaching diffusion within the film, the geometry of the cell was
changed so that the working and counter electrodes were separated by ~4cm, thus ensuring a
constant concentration of electrolyte between the electrodes. However, log(i) vs log(t) plots for
bleaching of the uncoated and composite coated films (see Fig.5.10) did not show a t-3/4
dependence but a t-1-2 dependence. The reason for this dependence is not clear but it has been
seen in other systems. Machida et al® and Lemons et al30 observed a t-1-2 dependence for the
bleaching current in 58W03.42Nby05 and W9NbgO47.« films respectively but could offer no
explanation. It is however apparent that the diffusion of H* out of niobium oxide films is much
faster than diffusion into them.

Again, assuming the absorbance (OD) is proportional to the charge passed,

log(OD-ODy) vs log(t) plots might help in explaining the observed t-1-2 dependence of i,
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Fig 5.10. Log(i) vs log(t) plots for the bleaching current transients of the composite

electrode.

log(OD)

log(t)
Fig. 5.11. Log(OD) vs log(t) plots for the bleaching current transients of the composite

electrode.

121



however as Fig. 5.11 shows log(OD-OD,) vs log(t) plots for the composite do not reflect any

simple relationship and must await a better model.

5.3 Thin (0.1ym) Films of NbyOs
5.3.1 Preparation of Thin (0.1pm) Films of NbyOs
Thin films of NbyOs were produced by applying 50p1 drops of 0.05 mol dm-3
solution of (NbCls)7 in EtOH to 5 x 1 x 0.3 cm ITO glass electrodes. The electrodes were then
spun at 2000 rpm for 2 minutes and finally dried at 393K for 2 hours. SEM revealed the films
to be of the order of 0.1pum thickness and all the films thus produced were crackfree, and hence
could be used in the electrochemical experiments. Measurements of film weight gave film
densities in the region of 3.9-4.1 g cm-3. This is close to the density of pure NbyOs5 powder

(4.47 g cm-3) and indicates a very high NbyOs5 composition in a dense and glass like film.

5.3.2 Cyclic Voltammetry

Cyclic Voltammograms (CV’s) of the films in 1.0 mol dm-3 H2SOy4 and 0.5 mol dm-3
LiClOy4 in acetonitrile are shown in Figures 5.12 (a) and (b) respectively. Unlike the thick
films, the cathodic current onset potential of the thin films is -0.5—-0.6V rather than ~-0.25V.
Furthermore, H7 evolution is not observed in acid solutions until cathodic sweep potentials of
less than -1.0V are applied, where upon a corresponding hydrogen oxidation peak is observed
at -0.23V on the anodic sweep (see Fig.5.12(c)). Another difference between the films is that
the thin films do not give a blue colour upon charge injection but a brown colour, regardless of
cation. Figs. 5.13(a) and (b) show the optical absorption changes on colouration of the thin
films, held at -0.8V for 30 seconds. Applying -0.8V to ITO glass electrode blanks gives no
absorbance change (see Fig. 5.13(c)) confirming that the brown colour observed is due to the
Nb,Os rather than the ITO. Machida et al3! found that the colour of rapidly quenched glasses
in the LiO2-WO3-NbyOs system varied from blue to brown with increasing NbyOs content, so
it appears that the brown colouration colour is a property of NbyOj5 glasses. This may be a
property of the closeness of packing of the niobium reactant sites. Our thick films and the

sputtered films8 are less dense and so discrete Nb(IV) sites occur which give rise to the
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Fig. 5.12. Cyclic voltammetry (100 mVs-1) of the thin NbpOsfilms in (a) and (c) 1.0
mol dm-3 HySO4 and (b) 0.5 mol dm-3 LiClO4/MeCN.
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Fig. 5.13. UV-Vis spectral changes in NbpOs/ITO films (0.1um thick) in (a) 1.0 mol
dm-3 H»SO4 and (b) 0.5 LiClO4/MeCN where (i) is the coloured state, (i1) is the bleached state

and (iii) is the difference between (i) and (ii).
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Fig. 5.13(c)
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Fig. 5.13(c). UV-Vis spectral changes in ITO glass electrode in 1.0 mol dm-3 H,SOy4,
where (i) is the UV-Vis spectra of the ITO glass at 0V and after 90 seconds at -0.80V and (ii) is

the difference between the OV and -0.8V spectra.
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characteristic blue colour of niobium (IV). Alternatively, in the dense NbyOj5 glasses the
reactant sites may be close enough to allow electron orbital overlap to give a metal type band
and a change in the colour observed. Fig. 5.13(c) shows the visible spectrum of ITO glass.
The variation in optical absorbance with wavelength is an interference pattern, and is

characteristic of a 20€/square thick ITO film.32

5.3.3 Durability

The durability of the thin films was far greater than that of the thick films. In either
solvent, the films were cycled for ~250 cycles without failure, although there was some degree
of optical density loss. Extrapolation of these losses indicates that the films would fail at ~103
cycles. The lack of hydrogen evolution and the well-dried nature of the films are evidently
large factors in their durability. The long term failure of the films is perhaps due to formation of

a solvent layer between the films and the ITO.

5.4 Kinetics of NbyOs Thin Films in Acid and LiClO4/MeCN

5.4.1 Colouration Kinetics

The kinetics of colouration and bleaching were studied by stepping the potential
between OV and -0.8V and making chronoamperometric and chronoabsorptiometric (700 nm)
measurements. The films were well behaved, exhibiting no initial “iR” drop (unlike the
composite films), and negligible difference in the colouration and the bleaching charges.
Figures 5.14(a) and (b) show the i vs t-1/2 graphs of the films in acid and LiClO4/MeCN
solutions respectively. It is apparent that they are linear plots and thus allow for the calculation
of the diffusion coefficients (eq (5.4)). Taking the concentration of reactant sites to be
proportional to the density of the films9.16.24 gives a reactant site concentration of 0.0150
mols/cm3. Table 5.1 gives the diffusion coefficients for both systems. Whilst they are rather
small compared to other systems (see Table 5.1), they do show an expected two orders of
magnitude difference between the two types of cation. The very low diffusion coefficients can
be explained by the dense glass morphology which CO; absorbance pore analysis has shown

to have very few pores (and presumably large tortuosity).
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Fig. 5.14. Typical i vs t-1/2 plots for the thin NbyOs films in (a) 1.0 mol dm3 HpSO4
and (b) 0.5 LiCl04/MeCN.
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Figs.5.15(a) and (b) show the OD (700nm) vs t1/2 plots of the films in acid and
LiClO4/MeCN solutions respectively. Apart from an initial sluggishness during the first second
they exhibit the predicted t1/2 dependence (see eq(5.24)). Calculations of the electrochromic
efficiency from the slopes of the OD vs t!/2 graphs gives efficiencies of 13.5 cm2C-! and 24
cm2C-! for the films in acid and LiClO4/MeCN solutions respectively. These compare very
favourably with the previously reported values of between 10 and 25 cm2C-1 for NbyOs.8:19
Use of eq(5.3) gives electrochromic efficiencies of 11 cm2C-1 and 15 cm2C-! for the films in

acid and LiClO4/MeCN solutions respectively.

5.4.2 Kinetics of Bleaching

Like the thick films reported in section 5.23, the diffusion of charge out of the film is
much faster than that of insertion and does not appear to obey any easily explained relationship.
A plot of log(i) vs log(t) for the electrodes when separated by 4 cm, gives a -1.2 dependence

(as observed before for the thick films) and a log(OD) vs log(t) shows no simple relationship.

5.5 A.C. Impedance Measurements

A.C. impedance measurements analyse a reaction at equilibrium, i.e. at open circuit
potential, with no net current flow. The a.c. excitation is generally small (<5 mV peak to peak)
and is varied over a wide range of frequencies. When the a.c. signal is first impressed, a time
dependent diffusion layer is created. As no net current flows, a steady state is set up after a few
cycles.29:33 Generally under these conditions, most electrode systems can be thought of having
an “equivalent circuit” of the type shown in Fig. 5.16.

Fig.5.16
Rcl

|—|:l—

—I:I— —

L=

where Cqj is the double layer capacitance of the electrode, Ry is the charge transfer

resistance due to ionic conductivity and Rgol is the solution resistance between the reference
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electrode and the working electrode.29-33 By Ohm’s Law, the current, I, passing through a
resistor, R, at an applied voltage, E, is given as:
I=ER-! 5.9)
Likewise the current through a capacitor, C, (a.c. only, as d.c. current is not passed by
a capacitor) is given by:
[=i®CE (5.10)
where ® is the angular frequency (® = 2xf) and i = (-1)1/2, Thus for a circuit
containing both resistance and capacitance, the current may be defined as:
I1=EZ1 (5.11)
where Z is the complex impedance of the circuit. The impedance of the capacitance is
imaginary due to the 90° difference in phase angle between the sinusoidal current and the
voltage. Therefore, the impedance of the circuit contains both real (Z’) and imaginary (Z”)
terms and is called the complex impedance (Z*), where:
Zr =% <" (5.12)
Thus the “equivalent circuit” shown in Fig.4.16 has a complex impedance of:29
Z* =Rgo) + Rey(1+ Ry iwCyy)-! (5.13)
Similarly the complex admittance, A*, of a circuit can be defined as (Z*)-! and the complex
capacitance, C*, as (A*)w-1. Both of these terms have real (Z’ and A’) and imaginary (Z” and
A”) components, respectively. Thus complex impedance, admittance and capacitance (Argand
plane) plots can be formed upon varying the applied a.c. voltage frequency.
A complex impedance plot for the circuit given in Fig.5.16 is shown in Fig. 5.17.

Fig.5.17 shows that this plot is a semicircle:

_Zfl

>
T T Z'
Rsol Rsol + Rct

Fig 5.17
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Fig. 5.18. (a) Nyquist, (b) Bode and (c) complex capacitance plots for ITO glass

electrode in 1.0 mol dm-3 HpSOy4 at -0.424V vs SCE_; a.c. amplitude 10 mV.
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At low frequencies the complex impedance is purely resistive because the reactance of the
capacitor is very high, and so Z* = R + Ry As the frequency increases, the capacitor’s
reactance decreases and it passes increasing current, giving rise to the semicircular plot. At very
high frequencies the resistance of the parallel combination (Cg; and R) decreases to zero and
only the series resistance of the solution (Rgg) is observed.

Fig. 5.18(a) shows the complex impedance plot for an ITO glass electrode in 1.0 mol
dm-3 HpSOy at the open ciruit voltage of -0.424V vs SCE. The film does not show the semi
circle plot characteristic of the double layer charging circuit described in Fig. 5.16. Figs. 5.18
(b) and (c) show respectively, the Bode plot and complex capacitance plots for the film. The
Bode plot (Fig. 5.18(b)) shows that the electrical behaviour of the film changes from capacitive
at low frequencies to resistive at high frequencies, with a transition region at ca. 100 Hz in
which the impedance magnitude slope changes from -1 to zero and the phase angle tends to
zero. The complex capacitance (Fig.5.18(c)) shows a single low frequency semicircle.
Extrapolation of this semicircle plot to the real axis at low frequencies gives a film double layer
capacitance of 12 uF cm™2.

These plots are characteristic of a distributed resistance due to the ITO substrate.34 In
effect the electrode can be represented as a distributed resistive network which is connected via
the impedance of the ITO film to the distributed resistance of the electrolyte solution. The

equivalent circuit of the ITO electrode is shown in Fig.5.19.

Fig.5.19
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Fig. 5.20. (a) Bode and (b) complex capacitance plots for 0.1pum thick Nb2Os film on
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Such an equivalent circuit explains why the Bode plot shows that at low frequency the
impedance evolves from almost purely capacitive behaviour to purely resistive behaviour, with
a transition region of mixed (distributed) character during which the phase angle tends to zero
and the slope of the log(Z) curve changes from -1 to -0.5 to 0. The ITO film’s double layer
capacitance is between that expected for a smooth nonporous surface (~1 uF cm=2) and that
observed for porous polymers (~1 mF cm-1)34 implying that it has a very high degree of
surface roughness.

Figs 20 (a) and (b) show the Bode plot and complex capacitance plots of the thin
NbyOs5 films on ITO glass electrodes at the open circuit voltage of -0.203V vs SCE in 1.0 mol
dm-3 HySOy4. They are very similar to the ITO glass electrode plots in Figs. 18 (b) and (c) but
with two notable differences. In the Bode plot at low frequencies the electrode behaviour is no
longer purely capacitive. This is due to the NbpOs film having a very large charge transfer
resistance, and is consistent with the observation that the diffusion of the protons in the film is
very slow. Secondly, in the complex capacitance plot the extrapolation of the semicircle plot to
the real axis at low frequencies gives a double layer film capacitance of 1.2 uF cm™2. This
implies a smooth non-porous electrode surface and is consistent with the CO7 absorbance pore
size analysis data. This means that, in effect, the electrode can be represented as a distributed
resistive ITO network which is connected via the impedance of the NbyOs film to the
distributed resistance of the electrolyte solution. The equivalent circuit of the NbpOs-coated

ITO electrode is shown in Fig.5.21
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Fig.5.21
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The impedance measurements were repeated at -0.8V but no difference in the film
characteristics were observed. That the open circuit voltage for the NbY/NbIV redox occurs at
-0.203V rather than the -0.6V (vs SCE) observed on the cyclic voltammogram can be
explained by kinetic limitations on the large current measurement. Although the NbY —NbIV
reduction is fast, the proton diffusion into the film is slow and requires a larger overpotential to

be observed.

5.6 Galvanostatic Intermittent Titration Technique

The galvanostatic intermittent titration technique (GITT) was developed by Weppener
and Huggins33 and consists of applying a constant current (I) to the cell, whilst measuring the
cell voltage. The current causes a constant concentration gradient through the electrode film at
the phase boundary with the electrolyte. In order to maintain this concentration gradient, the
applied cell voltage varies with time. Upon interruption of the applied current, the composition
of the film becomes homogeneous again by the diffusion of the injected mobile species,
causing the cell voltage to drift to a new steady state value E, corresponding to a new activity of
the injected species in the sample, as a result of the change of the stoichiometry (x) caused by
the coulometric titration.36 The advantage of this technique over chronoamperometry is that the
measurements are taken at open circuit, and thus the film’s resistance does not affect the
results.

GITT was applied to the thin films (on ITO glass) in 1.0 mol dm-3 HpSOy4 and the data
analysed. The change in stoichiometry (x) is expressed as:36

x = [tMp(Z;mpF)-! (5.14)
where I, t, Mg, Z,,mp, F are, respectively, the constant current pulse, duration of the pulse,
molecular weight of NbyOs, valence of H*, the mass of the oxide, and Faraday’s constant.
This enables a plot of E¢ vs x to be obtained. Furthermore the potential is expressed as;36

E(t) = 2V(dE¢/dx)I2(/nD)/2(FAZ,)"1 (5.15)
where V, A, dE¢/dx, D are, respectively, the molar volume, the surface area, the slope of the
open circuit voltage vs the change in stoichiometry, and the diffusion coefficient of H*. Thus a

plot of E(t) vs t1/2 should give a linear plot from which the diffusion coefficient at a given
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charge density is obtained. However, upon plotting E(t) vs t1/2 for the NbyOs films, no linear
plot was observed. Furthermore log(E) vs log(t) plots did not show a simple relationship. This

is perhaps due to the distributive resistance effects of the film but has not been confirmed.

5.7 Ethylene Glycol Gel Electrodes
As Chapter 3 indicated, a number of thick NbyOj films were made from ethylene glycol

solutions of NbCls. A 0.5 mol dm-3 solution of (NbCls), was made, mixed with water in a
10:1 HoO:Nb ratio and spread onto ITO glass. The electrodes were then left for 4 days at room
temperature until they had formed soft white gel films on the electrodes. Using a 0.5 mol dm-3
LiClO4 solution in acetonitrile, cyclic voltammetry and chronoamperometry experiments were
conducted on the films. The films gave CV’s of the type shown in Fig.5.3. All the films gave
very little bronze formation, only a slight blue colour was ever observed and then mainly
around the edges of the film.Film failure occurred after 3 cycles, when the films broke up. The
low electrochromic response of the films can be explained by considering the effect of the
expelled ethylene glycol upon the gel. Because of its low vapour pressure it will not evaporate,
but is retained in the smallest pores, limiting access to the these pores, which hinders diffusion

of M+,10

5.8 Microelectrodes

In a normal large surface area electrode, oxidation or reduction of the species in the
electrolyte, causes a build up of oxidised (or reduced) species at the electrode surface as the
diffusion from the surface layer of the electrode/electrolyte is slower than the production of
oxidised (or reduced) species. This is due to the large area electrode having a perpendicular
concentration flux to the electrode surface (see fig 5.22(a)). This build up gives rise to the
characteristic oxidation and reduction peaks, which for ferrocene give the CV trace shown in

Fig. 5.22(b).
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Electrode
Fig.5.22(a) Fig.5.22(b)

For these large surface area electrodes, the anodic peak current is defined as;3’

ip=(2.69x105)n32AD1/2y1/2C (5.16)

where n=number of electrons, F = Faraday constant=96500Cmol-l, A = area of electrode, D =
diffusion rate, v = scan rate of CV, C = conc. of redox active species.

However, with microelectrodes only a tiny fraction of the electrode surface is
accessible, the rest of the electrode being covered in an impervious layer. These very small,

often circular areas of naked electrode, have a hemispherical diffusion flux (see Fig. 5.23(a)).

g S

Fig.5.23(a) Fig 5.23(b)

Thus, by analogy, they have a greater edge to area ratio than the normal large electrode, giving
rise to an expansion of the diffusion layer and to faster diffusion. This means that oxidised (or
reduced) species do not build up at the electrode surface, and are not present in large quantities
upon cycling to a reducing (or oxidising) voltage. Thus they give rise to hysteresis-free CV
plots (as shown in Fig.5.23(b)). When tﬁe electrode current is controlled by a hemispherical

diffusion process, the limiting plateau current (i) is given by:37
i1=4nFDCrN (5.17)
where r = radius of electrodes, N =number of electrodes/cm2, n = number of electrons, F =

Faraday constant, A = area of electrode (1cm?2), D = diffusion rate, C = conc. of redox active

species. Thus it is possible to calculate the number of microelectrodes/cm?.
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5.8.1 Mixed Silicone/NbO Polymer Electrodes

A set of mixed uncracked silicone/NbO polymers electrodes were obtained by mixing
the required volnmes of 0.2 mol dm-3 (NbCls); in EtOH , glymo and water, spreading a 61
drop of the resulting solution on 2 em? of an ITO glass electrode and heating in the oven (see
section 9.5.5 for detailed preparation). They are effectively electrodes made solely from the
composite type coating.

Because glymo films break up when immersed in water, non-aqueous anhydrous
solvents were used for the electrochemical experiments. None of the films showed any
electrochemistry or electrochromism when CV's were run in a 0.5 mol dm-3 LiClOy4 solution in
acetonitrile. When the CV’s were run in a 0.1mol dm-3 TBAHFP and 1.37 x 10-3mol dm-3
ferrocene solution in AN, the electrodes gave steady state currents which could be due to
hemispherical diffusion through micropores. The typical current for the NbO/silicone films was
a factor of 20 times lower than that for similar sized bare ITO glass electrodes, showing the

blocking nature of the silicone film.

5.9 Conclusions

In conclusion, we have shown that it is possible to make large area thick-film displays
from sol-gel processed NbpOs, but that these cells are extremely unstable to cycling and thus
their durability is limited. It is possible to create more durable cells by the application of a
mixed NbO/silicone second coating.This coating does not appear to detract greatly from the
electrochromic properties of the NbyOjs films, as these composite films show similar H*
colouration diffusion properties to the uncoated film and similar coulombic efficiencies to
earlier reported NbyOs films.21 This would indicate that the durability of thick sol-gel
processed films can be increased without the loss of their electrochromic properties i.e.
coulombic efficiencies and response times are similar to those of NbyOs films created by
sputtering techniques.

We have also shown that it is possible to create thin NbpOs films, by sol-gel processing,
that are extremely durable. These films have a dense glass like structure and exhibit excellent

coulombic efficiencies.
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Fihe Tiludrodham: f Niobium P c I

6.0 Introduction

Prior to the electrodeposition experiments, the electrochemistry of the niobium
precursor compounds used in the electrodeposition experiments was investigated. The
electrochemistry experiments can be split into two categories, aqueous and non-aqueous
systems. Previous investigations of the non aqucous clectrochemistry of niobium(V) have been
complicated by the well-known hydrolytic instability of early transition metal halides.!-4
NbCls is readily hydrolysed to NbOCI3 and HCI, for example. Clear characterization of the
species present in the electrolyte solution under the conditions of the electrolysis is thus
essential. Use of 93Nb NMR offers the perfect tool for in situ characterization of the solutions
prior to an electrochemical investigation of these species. We investigated the cyclic
voltammetry of a number of niobium species:- CsNbClg, (NbCls)2, NbCls.AN, (AN =
CH3CN), NbOCl3, and (Nb(OR)s)2, (R = Me, Et, iPr) in non-aqueous solvents. Likewise the

aqueous cyclic voltammetry of (NbCls)2 and K7HNbgO19.13H20.

Results and Discussion

6.1 Non-Aqueous Electrochemistry
6.1.1 Cls)7 in Acetonitrile
93Nb NMR of (NbCls), added to warm (315K) anhydrous acetonitrile gives a peak at

-55ppm (FWHM 500Hz) and is indicative of the monomer adduct, NbCl5.AN.5 The cyclic
voltammogram of a 0.05 mol dm-3 solution of NbCls.AN at 293K is shown in Fig. 6.1 and
consists of five reduction waves and an oxidation wave (6) observed on the reverse scan. A

summary of the redox potentials observed by us is given in Table 6.1. Kirk et al® assigned the

reduction waves to the following reactions:
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Potential / V vs Cp2Fe/CpaFe+

Fig. 6.1. CV (scan rate 100 mV/s) of 0.05 mol dm-3 solution of NbCls.AN in
acetonitrile

142



Table 6.1

Summary of the Redox Potentials of (NbCls); in Acetonitrile at

293K.2
Redox Couple Epc (V) Ena (V) Epi12 (V)
Wave 1 -0.06 0.16 0.05
wave 2 -0.53 -0.26 -0.40
wave 3 -1.03 -0.74 -0.89
wave 4 -1.56 -1.21 -1.39
wave 5 -2.09 -1.75 -1.92

(a) vs CpoFe/CpoFet E1p

Table 6.2
Summary of NbY--->NblV Cyclic Voltammetric Data Obtained for Various Niobium
Compounds and Solvents at 293K
Species Solvent EpcdV EpalV EiplvV Epc.®V
Nb2Cly0 DMF -048 -0.40 -0.44
NbCl5.AN AN -0.06 0.16 0.05 0.13b
CsNbClg AN -0.25 -0.10 -0.18 -0.29¢
NbOCI3.(AN)2 AN -1.50 -1.20 -1.35
NbOCl3 DMF -1.10 -0.80 -0.95 1154
(a) vs CpoFe/CpaFet E1p

(b) Originally vs N.H.E. at T=278K. CpaFe/CpaFe* Ej;2 = 0.400V vs N.H.E. (ref.3).

(c) Originally vs N.H.E. (ref. 3).

(d) Originally vs Saturated Cadmium Amalgam Electrode (SCAdE). CpaFe/CpaFet Eqp2 =

1.05V vs SCAdE. (ref. 4).
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wave 1 NbCls.AN + e — [NbCls.AN]- (6.1)

wave 2 [NbClg]- + e- = [NbClg]% (6.2)
wave 3 NbCls.AN; + e~ — [NbCls. ANy (6.3)
wave 4 [NbCls5.AN]- + &~ — [NbCls5.AN]2- (6.4)
wave 5 [NbClg]2- + e~ — [NbClg]3- (6.5)
wave 6 NbCl4. AN - e — [NbClg. ANpJ+ (6.6)

They further proposed that the redox couple associated with wave 1 is characteristic of an ec
reaction with the following mechanism:

NbCl5.AN + e- — [NbCls5.AN]- (6.7)

[NbCl5.AN]- + NbCl5.AN — NbCly.AN, + [NbClg]- (6.8)

We conducted variable scan-rate studies on the redox couple associated with wave 1. This
showed that an ec reaction was occurring. The evidence for the ec reaction is based on the
following criteria:7 (i) Ip.a/lp,c <1,but tends to 1 as scan rate (v) increases. (ii) Ip’c/vllg
decreases by 0.2V from v =20 mV s-! to 800 mV s-1. (iii) Ep ¢ is positive of the value for the
reversible case. This confirms the proposal® regarding the formation of NbCly.AN3 and
[NbClg]- in eq.(6.8). Using Nicholson and Shain’s method,’ the rate constant (k) for eq.(6.8)
is calculated to be k = 1.97+0.08 s-1.

Likewise, our variable scan-rate studies show that the larger than expected AE,
(approximately 200mV at a scan rate of 100mVs-1) for each of the redox couples associated
with waves 3, 4, 5 is due to an ec reaction. This is because the Nb(III) species formed on the
cathodic scan are unstable on the time scale of cyclic voltammetry.6 The further oxidation peak
(wave 6) observed at +0.66V does not have an observable reduction peak associated with it at
low scan rates (0-100mV s-1). However, at high scan rates (200-800mV s-1) a reduction peak
is observed at +0.54 V. Bursten et al3 have shown that eq(6.6) has an anodic peak (Ep.a) at
+0.66V vs CpoFe/CpoFet, and a cathodic peak (Ep ) at 0.60V which is only observed at high
scan-rates (500mV s-1), matching that observed for wave 6. Thus it appears that the peak at
+0.66V is due to the oxidation of NbClsy.AN7 (eq.(6.6)). Variable scan rate studies indicate

that the shoulder observed at 0.56V on the anodic sweep is due to the oxidation of a species
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formed by an ec reaction at the redox couple associated with wave 2, however the exact nature

of this species is not yet known.

6.1.2 (NbCls), in DMF

Cyclic voltammetry of the 10 mmol dm-3 solution of (NbCls), in DMF reveals a
reversible reduction at -0.48 V vs CpyFe/CpaFet (see Table 6.2). Microelectrode
chronamperometry on the (NbCls), dimer at -0.5 V showed a le- process (n=1.006) and a
very slow diffusion rate, D = 4.03 x 10-7cm?2s-! (cf [NbClg]- D = 0.8 x 10-5 cmZ2s-1).6 This
implies that for the dimer, each Nb undergoes a 1/, e reduction process or that only one Nb is
reduced fully to Nb(IV), to give a mixed NbIV/NbV dimer. The reason for the slow diffusion
rate (ferrocene is 100 times faster) is puzzling, but perhaps can be partly explained by the

bulkiness of the dimer.

6.1.3 CsNbClg in Acetonitrile

The position of the [NbClg]- redox couple (E1/2=-0.18V, see Table 6.2) was found to

be in agreement with that seen by Bursten et al3 and Kirk et al® and is close to that observed for
(NbCls). This is to be expected, as both are octahedral NbClg units. Upon cycling the 0.02

mol dm-3 solution around the redox potential, a purple film of highly insoluble Cs,NbClg

forms.

6.1.4 Nb(OR)s)» in DMF or Acetonitrile (R = Me, Et, IPr)

No redox couples were observed for any of the niobium alkoxides, although

(Nb(OEt)5)2 does show a broad irreversible reduction peak at -1.30V in DMF. This is assigned

to a Nb(V) — Nb(IV) reduction due to the formation of the characteristic blue colour of Nb(IV)
upon electrolysis of the solution at -1.35V. Unfortunately, the compound produced was too

unstable to be analysed.
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6.2 (NbCls)2 in Wet Solvents
6.2.1 NbOCI3 Formation

Water impurities, or deliberate addition of water to dissolved NbCls leads ultimately to
a NbpOs gel. However, controlled addition of 2 equivalents of water to (NbCls)7 dissolved in
organic solvent gave, upon ultrasonication for 1 hour, NbOCl;3.(AN), in acetonitrile or
NbOCl3 in DMF. This was confirmed by 93Nb NMR, NbOCIl3.(AN), having a peak at
-498ppm (FWHM~850Hz) and NbOCIl; in DMF having a peak at -500ppm
(FWHM~1200Hz).> More water than is stoichiometrically necessary must be added to force
the complete hydrolysis to NbOCly otherwise the partial hydrolysis occurs as shown in

€q.(6.9):

(NbCls), + HpO === NbOCl3 + [NbClg]- + 2H* + CI- (6.9)

The redox couples for 0.02 mol dm-3 solutions of NbOCl3.(AN), and NbOClj are given in
Table 6.2. Microelectrode chronoamperometry on the NbOCl3.(AN), reduction at -1.5V gave
n=1.198 and D = 3.098 x 10-5 cm-2 s-1. In DMF, NbOCl; reduction at -1.1V gave n = 1.304
and D = 1.426 x 10-5 cm2 s-1. Variable scan rate studies on these two redox couples show that
there is a catalytic reaction occurring (ie regeneration of starting species). The evidence for the
catalytic reaction is based on the following criteria:” (i) Ipa/lpc << 1. (i) Ip /v 1/5 decreases
markedly (by 50%) on increasing v from 10-1000 mV s-!. Precisely what this catalytic
mechanism is, is not clear at the moment; however, one mechanism that seems likely is that the
excess water present immediately oxidises any NbIV formed back up to NbV. After correcting
for the use of different reference electrodes our data confirms Sherman and Archer's belief4
that their observed reduction at -1.15V vs CpFe/CpyFe* for (NbCls)2 in wet DMF was in fact
due to NbOClj3 rather than NbCls. When they generated large amounts of blue Nb(IV) by the

reduction of NbOCl; they observed that its blue colour and ESR signal faded over time, and
from this they postulated that Nb!V disproportionated to a diamagnetic NbV/Nbl!I dimer species

of the form:
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We have not been able to verify that this dimer species is formed because no oxidation

Cl

peak has ever been observed for this species. However, because excess water is still present in
these solutions, there exists a second possible reason for the loss of NbIV.-The water will be
free to react with any species formed by the electrochemical reduction. NbIV species in organic
solvents are notoriously moisture sensitive8? and so it seems possible that the NblV is being
oxidised back to NbV by excess water rather than disproportionating by the following type of

reaction:

[NbOCl3]- + [H30]* = NbOCl3 + H20 + 1/oH» (6.10)

3 A El hemi

6.3.1 (NbCls)2 in Conc. HCI
The 0.1 mol dm-3 solutions of (NbCls); in conc. HCI showed two reduction peaks at

Epc=-0.50V and -0.76V (vs SCE) (see Fig.6.2) and confirm the Ej/p values reported by
McCullough and Meites.10.11 They assigned the peak at -0.50V to the 2e- reduction of the
Nb(V) dimer species, [(NbOCl4)3]%-, to a Nb(IV) dimer species. Our variable scan rate and
limited scan range studies show that the corresponding oxidation peak is observed at -0.30V.
The second reduction peak they assigned to a 2e- reduction of the Nb(IV) dimer to a mixed
Nb(IV)/Nb(II) dimer species. This mixed dimer species then disproportionates to a Nb(III)
dimer. The shoulder observed at -0.1V on the anodic sweep is only observed at low scan rates
(<500mVs-1). McCullough and Meites!0:11 found that the Nb(IV) dimer species could
disproportionate into a mixed Nb(V)/Nb(III) dimer, thus the observed peak at -0.1V may be

due to the 2e- oxidation of this mixed oxidation state dimer.

6.3.2 “Amorphous” K7HNbgQ19.13H20 in 0.1 Mol dm-3 KOH

No redox couples were observed for this compound in the -1.0V to +0.7V

electrochemical window available.
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Fig. 6.2. CV (scan rate of 100 mV/s) of 0.1 mol dm3 solution of (NbCls); in conc.
HCI.
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Electroct ical D i f Niobi Oxid
7.0 Introduction

Electrochemical deposition of ceramic metal oxide films can, like sol-gel processing
(SGP), offer the advantages of low temperature processing, high purity and controlled
microstructure. However, unlike SGP it also offers the possibility of forming crystalline rather
than amorphous low temperature processed films.!

Much work has been done developing techniques to electrodeposit metal oxide films,
mainly from aqueous solution using a redox change technique, whereby a metal is oxidised or
reduced at the electrode surface by a fixed applied potential. The pH of the solution is adjusted
so that whilst the initial oxidation state is stable, the new oxidation state readily undergoes
hydrolysis to a metal hydroxide or oxide. This metal hydroxide/oxide is insoluble and forms a
film on the electrode.

Some of the first research done using this technique was that by Tench and Warren?
who successfully electrodeposited oxide and hydroxide films (up to 1um thick) of copper,
nickel, cobalt, iron and manganese from aqueous metal salt solutions (pH 6.5-7.5). These
films were shown to have some interesting properties: thus the nickel oxy-hydroxide films
showed electrochromic properties whilst the crystalline CupO films exhibited p-type
semiconducting behaviour when under illumination. Since then the technique has blossomed
with much work being directed at the formation of the YBaCuO superconductors,3 and
lead/thallium oxide films.!:4-7 Upon codeposition of Tl;O3 and PbO; Sakkai et al# obtained a
new compound, PbgTl5024 which had a cubic fluorite type structure, whilst Thanos and
Wabner’ were able to grow lead dioxide anodes (for use as dimensionally stable electrodes),
and by varying the electrodeposition temperature vary the content of 3-PbO> relative to o-

PbOj. Switzerls5 prepared films of TIO3 on n-silicon to give a heterojunction

150



photoelectrochemical solar cell of 11% efficiency with 75.3 mWcm-2 natural sunlight, as well
as mixed Pb/T1 oxide films with a superlattice structure.6

Recently attention has turned to 2"d and 3t row transition metal oxide electrodeposition
because of their electrochromic and catalytic properties. Here potential cycling, rather than the
earlier fixed applied potential method is used as this favours the formation of porous, hydrated
metal oxide coatings.8 Thus, IrOy,? WO3, MoO3 and mixed WO3/MoO3 films10 have been
prepared and their electrochromic properties investigated, whilst Kulesza and Faulkner!!
prepared mixed covalent tungsten (VI,V) oxide films and examined their electrocatalytic
properties.

Use of organic solvents for electrodeposition of metal oxides has not received as much
attention as that of the aqueous systems and in general has been limited to the electrodeposition
of pure metals which could subsequently be converted to oxides. YBaCu metal films have been
deposited on cubic zirconia substrates from DMSO12.13 at very negative potentials
(-2.5V—>-5V vs Ag/Ag*) and sintered at 900°C to form YBaCuO superconductors, with a zero
resistance at 91K. However, use of a mixed HyO/DMSO solvent allows for the direct
electrodeposition of YBaCuO films!4 at less negative potentials (-1.4V—-2.0V vs Ag/Ag*)
than that required for the deposition of YBaCu metal films. This favourable shift in the
deposition potentials is attributed to the deposition of the oxide/hydroxide with the subsequent
evolution of Hp. Thus although hydrogen evolution in this solvent system is observed at
-2.0V, the metal ions in solution acts as hydrogen evolution promoters and react as follows:

Mx+ + xH»2O + xe- — M(OH)x + X/2H2 i b

Use of electrodeposition to form metal oxides, specifically niobium oxide seemed a
natural extension of the work already done in investigating film formation techniques for
preparing NbyOjs electrodes. Niobium metal has been electrodeposited from molten salts in
alkali metals,15-17 or pure liquid halogens!8 and also from propylene carbonate and acetonitrile
using LiNbFg.19 However, other than work done on the anodisation of niobium metal to
niobium oxide20 there appeared to be no methods for the direct electrodeposition of niobium
oxide. Some factors contributing to the difficulty in electrodepositing Nb (and NbyOs) appear

to be a very negative reduction potential (which leads to interference by Hy evolution in
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aqueous systems), the tendency of niobium species to form electrochemically inactive species
when reacted with O or H2O and the ability to form stable cluster compounds at low valence
states, 19

We decided to attempt to circumvent these problems by combining SGP with
electrodeposition. Niobium species are known to be stable in aqueous and non-aqueous
systems, but pH manipulation of these systems causes a hydrated NbpOs gel to form.
Therefore, electrochemical generation of either “-OH or H* in these solutions should, in theory,
cause the electrodeposition of niobium oxide films, and it was this method of electrodeposition

that we investigated.

Results and Discussion

7.1 Non-Agueous Systems

NbXs5 precursors (X=0OR,Cl etc) in organic solvents are very moisture sensitive,
readily forming insoluble NbyOs. Therefore, in order to electrodeposit NbpO5 from organic
solvents containing NbXs, HoO or -OH have to be generated electrochemically. Two methods

for the electrochemical generation of HpO or “OH were investigated.

7.1.1 Superoxide Generation

Constant potential electrolysis of non-aqueous solutions (AN, DMF, DMSO)
containing 0.0025 mol dm-3 niobium precursor ((NbCls)2, (Nb(OEt)s)7, and (Nb(OPri)s))),
O3 and electrolyte (0.1 mol dm-3 tetrabutylammonium (TBA) hexafluorophosphate or TBA
dihydrogen phosphate) were undertaken in an attempt to form films of NbyOs. The reasoning
behind these experiments was as follows. Oxygen readily undergoes a one electron reduction to
form the superoxide ion:2!

Oy +e=~— Oy (7.2)
This can then undergo a second irreversible reduction (Epc = -1.8V), with the product species
reacting with solvent or electrolyte:21,22

Oy +e — 2 (7.3)

072- + solv-H — HOp" + solv (7.4)
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HOjy" + solv-H — H»07 + solv (7.5)
where solv-H is a proton source (often the tetra butyl ammonium ion). HO3 is known to react
with NbCls to give NbpOjs gels, so it was hoped that the production of HyO; at the electrode
surface (via H* abstraction either from TBA or HyPO4-) might give rise to a NbyOs film
formation. Likewise the production of HO- might lead to NbyOj via the following type of
reaction:

10HO7" + 2Nb(X)5 — Nb(OH)5 + 10X~ + 507 (7.6)

However, regardless of solvent (AN, DMF), working electrode (Au, Pt, C), niobium
precursor or period of electrolysis, no NbyOs film was ever observed when the solutions were
electrolysed at -1.85— -2.0V (vs SCE). The reason for this failure is not clear, but it is
probable that the superoxide and its products were reacting with the solvent and electrolyte
rather than the niobium precursors. Evidence for this belief is found when the electrolysis was
done using the Au electrode. Upon electrolysis, small dendritic needles of a white compound
were formed. SEM EDAX analysis revealed that this compound contained no metals. This
implies the formation of an insoluble carbon species. That this was only observed on the Au
electrode is ascribed to the fact that Au is the best generator of the superoxide ion.2122

DMSO is extremely hard to dry23 and, although redistilled over CaHy, upon addition of
(NbCls)2 the solutions in DMSO became clear and gave CV’s characteristic of NbOCl3
formation (see section 6.2.1) implying the presence of water. Superoxide reacts in the
following manner with water:22

207" + H)O === 0y + HOy- +-OH (k=0.91x109) (7.7)

Thus by electrolysing the solutions at -1.1V (vs SCE) it was hoped to generate “-OH
which would react with the NbOCIj3 to give NbyOs. The failure to form NbpO5 can be ascribed
to the stability of NbOCI3!9 and the neutralisation of -OH by H* generated in the formation of

NbOCl3.

7.1.2 Reduction of Tertiary Alcohols

Lund et al?4.25 have shown that tertiary alcohols can undergo a two electron reduction

of the following type:
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ROH + 2e- + H* - RH + -OH (7.8)
This reaction occurs in anhydrous DMF (0.1 mol dm-3 TBA electrolyte), on a mercury
electrode and at very negative potentials, usually less than -2.4V vs SCE. The generation of
“OH in a solution containing niobium precursor species should instigate a sol-gel reaction and
formation of a NbyOjs film, and this does indeed occur.

Two tertiary alcohols were investigated — Triphenyl methanol (TPM, (CgHs)3COH,
Ejp = -2.81V24) and 9-Fluorenemethanol (9F, (CgH4)2C(CH3)OH, Ey/p = -2.47V24). 0.1
mol dm-3 solutions of TPM and 9F in anhydrous DMF containing 0.1 mol dm-3 TBAHFP and
0.0025 mol dm-3 (Nb(OEt)s5); were electrolysed at -2.90V and -2.50V respectively for
between 3 and 16 hours. This produced yellow/white air stable films around the mercury drop.
SEM EDAX analysis indicated the sole presence of niobium, and the absence of mercury.
FTIR spectra confirmed that these films were NbyOs. Figs. 7.1 (a) and (b) show SEM pictures
of one of these coatings. Fig. 7(a) shows how the film followed the circular contours of the Hg
drop.

Although this was a successful technique for the electrodeposition of NbyOs films, the
very negative potentials excluded the possibility of forming films on more convenient
electrodes (eg C) and the cost of the alcohols (9F costs £9.10g-1) would prove prohibitive for
the widespread use of this technique to generate NbyOs films. Because of these problems no

further investigations of this approach were undertaken.

7.2 Aqueous Systems

Niobium (V) precursor compounds eg Nb(OR)5 are notoriously moisture sensitive and
readily form insoluble hydrated NbyOs upon addition of water. A literature search revealed
only one instance of a soluble aqueous system being formed — the addition of (NbCls); to
conc. HC1.26 Similarly most niobate systems are insoluble except for K7HNbgO19.13H20
which is sparingly soluble in strong alkali.2’-28 Both these systems are pH sensitive — increase
the pH of the HCI solution from -1 to -0.85 and a NbpO5 gel forms. Likewise, lowering the

pH of the alkali solution causes K7HNbgO19.13H20 to undergoes hydrolysis to form
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Fig 7.1. SEM picture of NbyOs film produced by the reduction of triphenyl methanol

(a) and at higher magnification (b).



HgNbgO1g which dissociates irreversibly to form NbyOs and water.29-30 As both H* and -OH
can be generated electrochemically from H,O, we tried to electrodeposit niobium oxide films

from these aqueous systems.

7.2.1 K7HNb6O19.in 0.1 mol dm-3 KOH

0.0019 mol dm-3 solutions of “amorphous” K7HNbgO19 (see section 9.6.6) in 0.1 mol
dm-3 KOH were electrolysed at between +1.60V and +1.95V for 1 to 23 hours. At these
voltages water undergoes the following oxidation:

Hy0 — 2H* + 1/509 + 2¢- (7.9)
The protons generated neutralise the base, lowering the pH and electrodepositing a
non-uniformly thick (~0.1mm) white film on the platinum electrode. X-ray Powder Diffraction
analysis of this film proved that it is amorphous. FTIR analysis indicates a mixture of
NbgO19/NbyOs units.

The CV’s of these films, obtained in 1.0 mol dm-3 HpSOy, are characteristic of
electrochromic behaviour (see Fig. 7.2). The non-uniformity of the film is believed to be due to
the slow formation of large O bubbles, which pull bits of the film off. In order to further
characterise these films a method of suppressing the O bubble formation would be needed as
well as a technique for electrodepositing the film onto an ITO electrode rather than Pt, so that

chronoabsorptiometric techniques could be applied.

7.2.2 (NbCls)7 in Conc. HCI
Electrolysing a 0.1 mol dm-3 solution of (NbCls); in conc. (10.8 mol dm-3) HCI at

-0.5V (Pt electrode) or -1.0V (C electrode) reduces water by the following reaction:

H0 +e- — -OH + 1/pH) (7.10)
The production of “OH increases the pH of the solution, and precipitates NbyOs, rather than
forming a film on the working electrode. This is surprising in view of the success in forming a
film with K7HNbgO19 upon pH manipulation. However, it was noted that Hy evolution was
accompanied by a large and very fast formation of small Hp bubbles on the electrode surface

which were rapidly lost to the solution. Thus it appears that any film formed is immediately
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Fig. 7.2. CV (scan rate of 100 mV/s) of KJHNbgO19 derived film in 1.0 mol dm-3
H»SO4.
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pulled off by the “scouring” action of the Hp bubbles, giving the observed precipitate. The
Nb2Os, upon washing and subsequent drying at 150°C, gave FTIR’s similar to those found

for the niobium chloroalkoxide gels described in chapter 3 and shown in Fig. 9.1(a) and (c).

7.3. Mixed Organic/Aqueous Systems

Due to the unexpected and favourable shift in deposition potentials for the deposition of
YBaCuO films in mixed organic/aqueous systems,14 we felt we should examine this type of
system for the case of niobium. 1.08 ml of conc. HCI was added to 10 ml of 0.1 mol dm-3
(NbCls)2 in AN or DMF (Nb:H20 = 1:20). CV’s of these solutions gave evidence for the
formation of NbOCI3 species and cycling around the Nb(V)/Nb(IV) redox potential gave a blue
coloured solution but no film formation. Electrolysing at -1.20V (vs SCE) gave Hp gas and a

NbyOs precipitate (similar to that found in 7.2.2), but no film.

7.4 Conclusions

Electrodeposition of niobium oxide from a number of aqueous and non-aqueous
solvent systems, via sol-gel processing techniques, has been attempted by the electrochemical
pH manipulation of the solutions. Two methods have been shown to work. These techniques
rely upon the electrochemical generation of protons and hydroxide ions. In nonaqueous
systems containing niobium alkoxides, the hydroxide ions are generated by the two electron
reduction of tertiary alcohols and react with the niobium precursor to give a film of niobium
oxide. In aqueous systems containing a niobate, protons are generated by the electrochemical
oxidation of water; this lowers the pH, destabilises the niobate sol and forms a film of mixed
niobate and niobium oxide. Further work needs to be targeted at producing reproducible and

uniform films.
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Novel Chemistry of Nb(V) Compounds

8.0 Introduction

During the course of the research done for this thesis, a number of unexpected reactions
were observed. These reactions are not part of the main thrust of the thesis, however it is felt

that they are interesting enough to warrant inclusion within the thesis.

Results and Discussion

8.1 Chemical Reduction by Ferrocene of Nb (V)

Use of ferrocene (FeCp2) as an internal standard for electrochemical experiments had
interesting consequences. When added to the CsNbClg solution (0.020 mol dm-3) in
acetonitrile, a purple solid (identical to the film formed in the NbClg"/NbClg2- redox)
immediately precipitated out, and the solution became a blue-green colour. The following
reaction is proposed:-

2CsNbClg + CpoFe — CspNbClg (5) + CpoFe*NbClg (8.1)

The purple precipitate has been shown to be CspNbClg. The IR spectum of the blue/black solid
recovered from the blue solution identifies it as FeCpaNbClg. Likewise, the UV/Vis data of the
blue solution (Table 8.1) confirms the presence of CpaFet [Amax /nm (relative intensity):
360(11), 615(1)]! and [NbClg]- [247 (80), 293 (112), 324(sh)]2 in solution. That ferrocene
should reduce CsNbClg is surprising as the NbY/NbIV reduction is at -0.25 V vs
CpaFe/CpaFet; however, it is assumed that the precipitation of CsoNbClg acts as a driving
force for this reaction. There appears to be no reason why the full range of the MyNbClg
compounds (M= Gp I metal) cannot be prepared by this method and it certainly offers many
advantages over a number of previous methods that often involved fusing of the materials at

high temperatures.3
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Table 8.1

Summary of UV/Vis Data Obtained For NbClg™ and Ferricenium (nm)?
Species Solvent NbClg~ Ferricenium ion
CsNbClg AN 243.0 293.6 sh323.1
(80) (115)
Cs2aNbClg(s) + CpaFeNbClg AN 244.6 293.0 sh324.1 361.3 616.8
(80) (112) (12) (1)
CppFeNbClg redissolved AN 245.6 292.9 sh325.0 361.4 616.4
(80) (122) (11) (92
Cpy"Fe + NbxClyo DMF 292.2 | sh324.0 778.4

(a) Figures in parentheses are the relative intensities of the peaks.

On addition of ferrocene to a 0.01 mol dm-3 solution of (NbCls)2 in acetonitrile (AN), the
yellow solution became blue. When the molarity of the (NbCls)2 was increased to 0.25 mol
dm-3, a black/blue precipitate was formed which analysed as FeCppNbClg (see chapter nine,
section 9.8.2). Futhermore, the UV/Vis spectrum of the redissolved precipitate (Table 8.1)
confirms the presence of both ferricenium and [NbClg]- chromophores. The following reaction
is therefore proposed:

CpaFe + 2 NbCl5 AN Cp2FeNbClg (s) + NbCl4(AN)2 (8.2)

A similar reaction has been observed for other redox systems, such as
hexafluorometallates#-3 and hexachlorometallates.6 When ferrocene is added to (NbCls); in
DMEF no reaction takes place, as the ferrocene is not a strong enough reducing agent (Ej2 for
(NbCls)2 is -0.44V vs ferrocene). However, when decamethylferrocene (Ej/2 -0.47V vs
ferrocene) is added, a blue/green solution is formed which shows the characteristic ferricenium
peaks and one of the [NbClg]- peaks in the UV/Vis spectra (Table 8.1). The other [NbClg]-
peak is obscured by the absorption of DMF in this region. Finally, note that NbCl4(AN)y, the
other product of equation (8.2) was not isolated. However, evidence for its formation is

observed by cyclic voltammetry. Upon addition of ferrocene to solutions of NbCl5.AN in

acetonitrile, the anodic peak at +0.66 V due to reoxidation of NbCl4(AN); increases in height.
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Due to the very low solubility of CpsFeNbClg in solvents such as acetonitrile, THF,
DMF etc it proved impossible to obtain 93Nb solution NMR of the compound. However it did
prove possible to obtain 93Nb solid powder NMR spectra of CpaFeNbClg and this is described

in the next section.

8.1.1 Solid State NMR

When a molecule is placed in a magnetic field, the shielding electrons around the nuclei
are not spherically distributed and so the shielding is anisotropic. Thus the shielding observed
(o) on the proton or carbon nuclei in chloroform, for instﬁnce. will be different when the
molecular symmetry axis of the molecule is perpendicular and when it is parallel to the applied

field B, (see Fig. 8.1).

Fig. 8.1
H
I W
e Bo H— )
Crw C\ (]

Cl
In general, for an axially symmetric molecule, the effective shielding in the direction of
By, when the molecular axis is at an angle 6 to By is;
6,z = 13(0) + 1) + 1/3(3c0s260 -1)(0)/ - O 1) (8.3)
Thus for a microcrystalline material, with all values of 8 allowed at random, 3 types of spectra

can be observed, as shown in Fig. 8.2.

Fig. 8.2
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where A is the general case, B an axially symmetric case, C an isotropic case (¢ = isotropic

average = 1/3(0;; +20)).7
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Fig. 8.3. 93Nb Spectra of solid Cp,FeNbClg: (a) static; (b) spun at 8 kHz.
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The CpaFeNbClg 93Nb NMR static spectrum was run and gave a peak at 20ppm
(FWHM ~10 kHz) which is shown in Fig. 8.3(a) (reference compound CsNbClg powder,
spun at 5kHz, FWHM of 400 Hz). The peak shape is a predominantly isotropic case with a
small amount of axial symmetry. Unfortunately, it has proved impossible to quantify the
degree of anisotropy, the reason being that the molecule does not have appreciable assymmetry
parameters and so the spectrum is dominated by 27d order quadrupolar broadening. This
quadrupolar broadening makes it difficult to assign “edges” (ie 611 and 633) and hence ©
values. Confirmation that quadrupolar broadening was dominating the spectrum came from
applying the method of Oldfield et al 8.9 — the sample was spun at various speeds at the magic
angle. This caused the spectrum to change from a single peak to a complex sideband pattern
(see Fig. 8.3(b)) due to quadrupole satellite interactions which reach a maximum at ~8kHz.
This implies that the breadth of the static peak (of ~10kHz) consists mainly of a ~8kHz
contribution due to quadrupole broadening.

That CppFeNbClg has a high degree of symmetry is not surprising, as [NbClg]- is an
octahedral ion. 10-12 However, the small amount of axial symmetry in the static spectrum
implies that there is some degree of either lengthening or shortening of the Nb-Cl bonds along
the axis of the [NbClg]- unit. This is not unexpected as it has been found from other studies of
crystals of [NbClg]- ions with large organic cations (eg. (PPh4)*)!13 that the cation can distort
the octahedral symmetry of the [NbClg]- unit.

As ferricenium is an ESR active species, saturated solutions (mmol dm-3) of
Cp2FeNbClg were made up and the ESR spectra taken, see Table 8.2. Likewise small amounts
of 1,1’-dimethylferrocene and decamethylferrocene were reacted with the NbCls in acetonitrile
to give green precipitates which were then examined by ESR spectroscopy (see Table 8.2). The
redox potentials of these two ferrocene compounds are -0.047 V per methyl group attatched vs
that of ferrocene.14 Thus the E©’ for 1,1’-dimethylferrocene occurs at -0.094V and the E’ for
decamethylferrocene at -0.47V vs ferrocene and both should be able to reduce the NbCls in
acetonitrile. No signal was seen for acetonitrile solutions at low temperature, or for the THF or
MeOH solutions at room temperature. If the ESR active species was due to trace amounts of

NbIV we should expect to see a 10 line spectrum, g=1.95, line width <a> = 200G.15.16
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(Photoreduced solutions of 0.5 mol dm-3 (NbCls), in ROH give deep blue/purple coloured
solutions. The ESR spectrum (293K) of the reduced solution, when R=Pri consists of 10
lines, g=1.96 and AH=200G). However, in all cases, except for CpoFeNbClg in a MeOH
glass, only one line was ever observed, thus confirming that Nb!V was not present. The ESR
spectrum of CpaFe[NbClg] in a MeOH glass consists of two lines (see Table 8.2), one at
g=1.815 and a second line at g=4.24. This is consistent with the g, and g/ values of
ferricinium.17.18 Whether this is CppFeNbClg or CpasFeNbClg.x(OMe)y in MeOH is not yet
known. Thus it appears that the ESR active species is indeed the ferricenium species and this
makes the spectra in acetonitrile the first observed room temperature spectra of ferricenium and

its methyl derivatives.

Table 8.2
Summary of ESR Data Obtained for FeCpaNbClg and Its Derivatives
Species Solvent Temperature (K) g AH(G)*
CpaFeNbClg Acetonitrile 293 1.992 60
Cp2FeNbClg THF 106 1.988 100
CpoFeNbClg Methanol 139 1.815 4.24 275 35
Cp>'FeNbClg 2 Acetonitrile 293 1.933 135
sz*FerClﬁ b Acetonitrile 293 1.918 170
Cp2"FeNbClg P THF 106 1.991 95
Cp2 " FeNbClg P Methanol 139 1.815 330

(a) Cp2'FeNbClg is dimethylferricenium niobiumhexachloride
(b) Cpg*FerCIG is decamethylferricenium niobiumhexachloride
(c) AH is the peak splitting value.

8.1.2 Conclusions

Although ferrocene makes an excellent internal reference for electrochemistry in organic
solvents, care has to be taken to avoid irreversible chemical reduction. Thus ferrocene may

readily reduce [NbClg]- to [NbClg]?- with the formation of CspNbClg as well as CpoFeNbClg
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acetonitrile (but not DMF), Cp2FeNbClg shows the first ever recorded room temperature ESR

of the ferricenium ion.

8.2 Hydrolysis of Acetonitrile
During the early 93Nb NMR research upon the NbCls.x(OR)yx series, (NbCls), was

dissolved in acetonitrile (0.05 mol dm-3), and 1 to 5 equivalents of MeOH were added in an
attempt to generate the species [NbCls.x(OR)x.AN] in situ. After two days, it was observed
that crystals had formed. Elemental analysis and FTIR confirmed that these crystals were
NH4Cl.

This observation led to two conclusions:

i) the commercially dried “anhydrous” acetonitrile, was not completely anhydrous, and

thus in subsequent experiments redistilled acetonitrile was used;

ii) the acetonitrile was being hydrolysed to NH4Cl.

The latter is surprising as nitriles are generally resistant to hydrolysis, eg.the rate of
hydrolysis is of the order of 10-6M-1s-1 for OH- catalysed hydrolysis!? or boiling with conc.
H,504.20

8.2.1 Turnover

The production of NH4Cl as crystals meant that the degree of hydrolysis could be
quantified, as ammonium chloride is only very sparingly soluble in acetonitrile. The number of
moles of ammonium chloride produced would indicate whether the reaction was a catalytic one
or not — if the value of the turnover (T) (T= number of moles of ammonium chloride/ number
of moles of Nb) exceeded 1, then the reaction would be catalytic. To measure the turnover,
known quantities of water were added to 0.05 mol dm-3 solutions of (NbCls); in acetonitrile
with 3 equivalents of MeOH and left for 3 days. The ammonium chloride crystals formed were
washed with cold acetonitrile, dried and weighed. It was found that the turnover reached a
maximum at a value of 1, for two or more equivalents of water. Addition of further MeOH or
water to solutions with a turnover of 1 did not cause further production of NH4Cl. This means

that the reaction is not catalytic.
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The reaction was repeated with 1 to 4 equivalents of water, but this time no MeOH was
added. None of the reactions produced ammonium chloride, however GCMS on the solutions
did show trace quantities of acetamide were present. 93Nb NMR of the solutions gave a single
peak at -495ppm, indicative of Nb(OH)Cls. AN/Nb(OH)Cl3.(AN), species, and this was

generally formed within minutes of addition of H2O.

8.2.2 NMR Studies of Reactants and Products

In order to elucidate a mechanism for the hydrolysis, a series of NMR studies were
undertaken. The studies had to be done in deuterated acetonitrile as the addition of water to
solutions of (NbCls); in non coordinating solvents caused the immediate precipitation of
Nb70s. 0.1 mol dm-3 solutions of NbCls.AN and 0.05 mol dm3 solutions of NbCls.BN (BN
= phenyl acetonitrile) were prepared. To these solutions were then added either (i) 2 or 3
equivalents of HyO (ii) 3 equivalents of MeOH and 2 equivalents of HpO. Varying nuclei
NMR spectra were then run on these solutions to follow the reactions occurring.

In all the NbCls.AN cases it was observed that the CD3CN exchanged with the bound
CH3CN to give a large free CH3CN peak at 2.0ppm in the !H spectra. Likewise, for both sets
of niobium chloride adduct solutions which only had H>O added, no hydrolysis of the nitrile
was observed, only the hydrolysis of the NbCls to the Nb(OH)Cly species.

Upon addition of 3 equivalents of MeOH and 2 equivalents of HpO to solutions of
NbCls.AN, many other species were observed. A summary of the NMR spectra and the
assigned species is shown in Table 8.3.

These NMR studies of the NbCls. AN/H2O/MeOH system confirmed a number of points:
i) the reactions proceeded over about 3 days, but after this further reactions occured only very
slowly;

ii) that it is CD3CN being hydrolysed, rather than Np;
iii) that a turnover of 1 is observed for the 2 eq H20 + 3 eq MeOH systems — this is obtained
from the integrals of the 1H signals in the product mixture for methyl ethanoate (35), acetic acid

(1) and free CH3CN (36). As the only CH3CN added was that bound in a 1:1 ratio with NbCls
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Table 8.3

Species Observed?
NMR MeOC(0)CD3 | NH4CI CD3C(O)OH | NbCL4OMe.AN | NbCL4OH.AN
1H 3.675 5.50 6.20 6.88 | Broad 9-10 420
@O @O @p
2D 2.15 2.35 2.35
Bct 51.0 171.3 18.4 19.1 178.6 599 ¢ ¢
septet septet

14N -356 ¢ quintet
93Nb -560 ¢ -495

(a) MeOH observed at 3.45ppm in !H and 49.85 in 13C NMR spectra.

(b) INH = 53.5Hz, total peak area no more than 4 % of CH3CN peak area. Figures in
parentheses are relative peak areas.

(¢c) JNH = 54Hz.

(d) Decreases to ~ 70% of overall Nb species after 4 days.

(e) Shoulder between 1 and 3 ppm due to CD3.

(f) Proton decoupled and DEPT spectra.

the ratio of hydrolysis products to Nb is 1:1 and thus confirms the turnover observed by the
gravimetric analysis of the ammonium chloride.

The reaction of NbCls.BN with 3 eq MeOH and 2 eq H2O produced the hydrolysis
products of acetonitrile, and a turnover of ~ 0.8. This was unexpected as it was assumed the
system would give the hydrolysis products of phenyl acetonitrile (ie. methyl benzyloate
(MeOC(O)CH2CgHs) and phenyl acetic acid), rather than methyl ethanoate and acetic acid.

The fact that the total number of moles of methyl ethanoate and acetic acid produced was
equal to the number of moles of ammonium chloride produced suggests two possible
mechanisms:- metal catalysed hydrolysis of bound nitriles; and the Pinner synthesis. Of the

two the Pinner synthesis is favoured for the reasons discussed below.
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8.2.3 Possible Mechanisms:

(A) Metal Catalysed Hydrolysis of Bound Nitriles

Although nitriles are quite resistant to hydrolysis, a number of metal cations are known to

catalyse hydrolysis. Thus the hydrolysis of nitriles is catalysed by Co(III),19 Rh(III),2!
Ru(111),22.23 and Ir(IIT)24 where the nitriles are coordinated to the metal, and by Cu2+, Ni2+,
Zn2+, where the nitrile function is covalently linked to the metal coordinating
functionalities.24-25 In all cases the nitrile is hydrated to the corresponding amide. Thus it is
plausible that the bound acetonitrile was being hydrolysed to acetamide, and then further

reacting to form ammonium chloride and methyl ethanoate, by the type of reaction shown in

Fig. 8.4.

Fig. 8.4
fi\N oo NHC(OH)Me
NbCl,OMe 4 » NbCl,OMe NbCl,OMe + CH;C(O)NH,

H,0
/ NbCl,0H + MeOH
CH;COOH | CHyC(O)OMe
NHs,

CH;CN Nb

NH,CI
NbCl,OMe

This mechanism would give an explanation as to why hydrolysis was only observed
when MeOH was added to the system:- since NbOCIl3/NbOHCly4 is formed within minutes of
addition of water to NbCls.AN, and as it is not a catalyst for hydrolysis its formation precludes
the possible hydrolysis catalysis as there is no NbCls.AN present to catalyse the reaction.
Whereas 93Nb NMR shows that NbCl4(OMe).AN exists in equilibrium with NbOCI3 in
MeOH/H70 systems and can thus by its presence, catalyse the hydrolysis of bound
acetonitrile.

However, a number of questions were left unanswered by this mechanism. Firstly, if

NbCl4(OMe).AN does catalyse the hydrolysis of bound acetonitrile, why does the reaction
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stop at a turnover of 1? Surely it should carry on catalysing the reaction? Secondly, the
formation of acetamide is never observed. Thirdly, the addition of 3 eq. of MeOH and 2 eq. of
H,0 to NbCls.BN did not give the formation of methyl benzyloate, but rather the formation of
methyl ethanoate. If the reaction was occurring by hydrolysis of bound nitriles, the production
of benzylamide or methyl benzyloate would be expected, as Mukaiyama et al 26 have shown
that a mixture of TiCl4/H20 in a 1/2 ratio will hydrolyse benzonitrile to benzamide in a 90%
yield. This was never seen. Because no free phenyl acetonitrile was ever observed, the
exchange of bound benzylnitrile with deuterated acetonitrile solvent can be ruled out, thus
impling that unbound deuterated acetonitrile was being hydrolysed.

(B) The Pinner Synthesis

The Pinner Synthesis is an important organic reaction for the production of imidates from
nitriles and is also used as an alternative to the direct (base catalysed) hydrolysis of nitriles to

give esters and carboxylic acids. The reaction proceeds by the route given in eq. 8.4-eq 8.6:20

Rlc=N —H' . RI&=NH 8.4)
/0R2
R16= NH + RZOH —_— RIC\\+
NH, (8.5)
OR?
1 7 o 1 2 N
RIC+ +H,0 = R!C(0)OR?+ NH,
NH,
X) (8.6)

Typically HCI is used as the catalyst and a primary or secondary alcohol as the alcolating
agent. The formation of the alkoxy iminium ion (X) usually takes between 12 and 72 hours
depending on Rj and Rj. 27-30 Hydration of the alkoxy iminium ion takes place
instantaneously. Since attack by H7O on the protonated nitrile is very slow and rarely
observed, the water may be present throughout the reaction or added after the formation of
X .20

Thus, this synthesis fits the experimental observations far better than the metal catalysed
hydrolysis of bound nitriles. The reaction time is of the correct order. The fact that acetamide is
not observed is to be expected and although X (methoxy methyl imidate hydrochloride R and

R, = Me) is not observed in the NMR spectra,3! this is also to be expected as it is unstable in
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the presence of H2O and decomposes to methyl ethanoate. It also explains why no reaction
with the bound phenyl acetonitrile was observed — MeOH and H2O were reacting with the
NbCls.BN to release HCI which then catalysed the alcolation of the solvent CD3CN to give
methyl ethanoate. Finally the non catalytic property of the reaction, with a turnover of only 1,
is now explainable — all the protons generated in this system come from the reaction of Nb-Cl
bonds with ROH (where R =H or Me). This reaction yields only 1 proton and the species
NbCl4(OMe).AN or NbCl4(OH).AN. These latter two species exist in equilibrium together
and, under the reactions conditions observed, do not undergo further substitution and proton
release. Therefore the single proton consumed by eqs.8.4-6 (the protonation of the nitrile) is
formed by the single substitution of each Nb molecule and thus only a turnover of 1 is

observed.

8.2.3 Conclusions

The formation of ammonium chloride in acetonitrile solutions containing NbCls, MeOH
and H7O is due to the release of protons which catalyse the alcolation of acetonitrile, by the
Pinner Synthesis. The formation of the protons occurs when the NbCls is substituted by
ROH. This highlights the need for dry solvents in niobium (V) chemistry, and the unexpected

reactions that can occur.
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Experimental

9.1. General

All preparative reactions were done under N7 and in dry glassware (at 293K except
where noted), and unless specifically noted all solvents, regardless of grade,
were redistilled over Na, 3A molecular sieves or CaH;. 93Nb NMR (coupled) were
run on a Bruker MSL 500 spectrometer (Tg=~500ms, T1=5-20ms), and !H NMR on AM300 or
WP80 spectrometer. FTIR spectra were obtained on a Perkin Elmer 1710 spectrometer, and
Raman spectra on a Spex 1403 interfaced to a DM1B computer with Coherent Radiation
Innova 90-6 Ar* laser excitation at 514.5 nm, power < 100 mW at the sample (spectroscopic
data are within + 1 cm-l). Mass spectroscopy was obtained on an INCOS GCMS
spectrometer. X ray powder diffraction was run on a Stoe Stadi-P using Cu kg radiation.
SEM (Scanning electron microscopy) was performed on a Jeol JSM 35CF (15keV) with
scanning EDAX (energy dispersive analysis by X-rays) attachment at the Gatty Marine

Laboratory.

9.2.Chapter 2. General

For in situ generation of (NbCls.x(OMe)x)2 species in aromatic solvents, (NbCls)z
(99%+ Aldrich), was suspended in benzene or toluene (Aldrich reagent grade dried by Na and
4A molecular sieves) and controlled equivalents of methanol (spectroscopic grade, Aldrich)
added. For in situ generation of (NbCls.x(OR)x)7 species in alcohols, weighed amounts of
(NbCls)2 (99%+ Aldrich) were dissolved in the required alcohol (spectroscopic grade, Aldrich)
to give the specified molarity. For in situ generation of [NbClg-x(OR)x ]- species, weighed
amounts of CsNbClg (standard preparation,! see section 9.2.1) were dissolved in methanol
(spectroscopic grade, Aldrich) to give the specified molarity. For rechlorination experiments

HCI gas (Aldrich) was used.
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9.2.1 CsNbClg Preparation!
A thionyl chloride solution (6ml)(Aldrich, 99+%) of (NbCls); (1.5g) was added to CsCl

(1g)(Fisons, 99.5%) in ICI (2ml)(Hopkin and Williams, 99%) and left for 2 hours. CsNbClg
precipitated out and was washed with thionyl chloride and vacuum dried over P2Os. IR 335
(s)(v3, tiy) cm-1; Raman: 367 (overtone 732) (v1, a1g), 285 (v2,Eg) cml, 180 (vg, t2,) cm-l
[cf. Nakamoto? IR 333 (v3) cm-l, Raman 368 (vy) cm-l, 288 (v2) cm-l, 183 (vg) cm-l. X ray
powder diffraction confirmed that the product was CsNbClg but also that some CsCl remained.

To confirm our assignments of in situ generated species we isolated and characterized by
IH NMR, FTIR and mass spectroscopy (NbCl4(OMe))2, (NbClp(OMe)3), and (Nb(OMe)s)2
prior to redissolution in deuterated toluene (Na dried, Aldrich) and anhydrous acetonitrile
(AN)(Aldrich) and 93Nb and !H NMR spectra being run (see Section 2.1.1). Elemental
analysis of the compounds described in sections 9.2.3-9.2.6 never quite matched the
theoretical composition of these species. The reason for this is that the uni- and tri-methoxide
substituted compounds described are labile dO species, and !H and 93Nb NMR reveal that even
after purification each NbCls_x (OMe)y species (x=1,3,4) exists in equilibrium with small

amounts of the other species, so that typically the compound is only ~93% pure.

9.2.2 (Nb(OMe)s)2

(Nb(OMe)s)2 was prepared by the method of Bradley et al.3 8.1g (NbCls); was
suspended in 50ml of toluene, 7ml MeOH (excess) added and anhydrous NH3 gas (Aldrich)
blown through. The solution was filtered under N7 and rotary evaporated to give a white
crystalline solid. It was used without further purification. Elemental Analysis calculated for
(Nb(OMe)s)y: C, 24.19; H, 6.05. Found: C, 23.81; H, 5.97. FTIR (cm-!) 1150 (w), 1106
(vs), 1030 (m) (v CO); 850 (mw) (v Nb-O-Nb); 555 (VNb-O).[cf Schonherr and Kolditz4
:Nb(OMe)s 1110cm-! (vCO); 555¢cm-1 (vNb-O).]. Raman (cm-1) 552 (s); 534, 474 (m); 439,
378, 343, 288, 230, 198 (w), assignments can be made by comparison with the assignments
of NbyClyo.5 Mass.Spectra : m/z 465 (Nby(OMe)g)* fragmentation pattern identical to that
given by Preiss® and Reiss et al” for Nbp(OMe)1g. 'H NMR see Table 2.2. Results are

identical with those found by other authors’-10 in that we see, at 220K, 3 peaks due to ax:eq:br
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OMe's in the ratio 2:2:1. At 238K they coalesce to 2 peaks; ax/eq:br OMe's in the ratio of 4:1
and finally at 310K a single peak .

(Nb(OEt)s)2 (Aldrich 99%) and (Nb(O'Pr)s), (standard preparation by the method of
Bradley and Holloway!0 similar to that described for (Nb(OMe)s)2 ) were also used.
Confirmation by !H NMR. (Nb(OEt)s); lH NMR (293K) 4.45ppm (broad), 2H (CHj);
1.35ppm triplet, 3H, (CH3). (Nb(OiPr)s); 'H NMR (293K) 4.65ppm (broad), 1H, (CH);
1.25ppm doublet, 6H, (CH3). These spectra match those found by Bradley and Holloway10
for (Nb(OEt)s)2 and (Nb(OiPr)s)).

9.2.3 (NbClr(OMe)3)2
(NbCI2(OMe)3), was prepared by the following method: 8.1g of (NbCls), was

suspended in 50ml of toluene, and 6.06ml of MeOH were added (0.15 moles). The solution
was stirred for one day, and then the excess MeOH and toluene evaporated until a saturated
solution formed. After the addition of 3 ml of petroleum ether (40-60), the solution was
allowed to crystallize at -10°C. The crystals were filtered and washed with cold toluene. FTIR
(cm-1) 1600 (mw); 1150 (w) 1075 (s) (vCO); 980 (s) ; 570 (w) (VNb-O). (cf Schonherr and
Kolditz,4 (NbClp(OMe)3); : 1080cm-! (vCO) , 575cm-! (vNb-O).) Mass Spec. m/z 221
(NbCI(OMe)3)*, same fragmentation pattern as for NbCla(OMe)3 found by Preiss.® 'H NMR
when dissolved in deuterated toluene at low temperatures gave a complex set of lines.
However, although the 3 groups of peaks are solvent shifted, they matched those found for

(NbCly(OMe)3), in CD,Clp. 11

9.2.4 (NbCl4(OMe))r

(NbCl4(OMe)), was prepared by the following method: 8.1g of NbCls was suspended in
50ml of toluene, and 1.22ml of MeOH added. Upon stirring for one day, (NbCl4(OMe))2
precipitates out, and was filtered, and reprecipitated from benzene. FTIR (cm-1) 1600 (ms);
1100(mw) 1056(s) 1020 (sh) (vCO); 980 (s) 850 (m) 780(w); 595 (vNb-O). (cf Schonherr
and Kolditz 4 NbCl4(OMe) 1055cm-! (vCO) , 595cm-1 (vNb-O).) Mass spec.m/z 264/266
(NbCl4(OMe))+, 213 (NbCI3CH3)*+, 210 (NbCI3C)*, 198 (NbCl3)*+.
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Characterization of Monomer Adducts

9.2.5 NbCly(OMe).AN

When (NbCl4(OMe)), is dissolved in acetonitrile (AN) two peaks are observed at
-495ppm (full width at half maximum = FWHM = 1kHz) and -560ppm (FWHM 1.5kHz). The
latter is shifted upfield from the dimer (-495ppm) by the appropriate amount for a monomeric
niobium acetonitrile adduct.12 This acetonitrile adduct is isolated by removal of excess solvent
to give an orange solid. The IR spectrum showed shifted acetonitrile stretches at 2325¢m-!
(6CH3 + vC-C) and 2296cm-! (vC=N) [cf. NbCl5.AN11.13 2308cm-1 and (8CH3 + vC-C) and
2283cm-! (vC=N), Free AN 2298cm! (§CH3 + vC-C) and 2254cm-1 (vC=N)], a shifted
(vCO) of 1153cm-! (m) and 1075cm! (s) as well as peaks at 1020cm-! (m) and 780cm-1. The
orange NbCly(OMe).AN in deuterated toluene gave two new peaks (3.90ppm and 2.35ppm) in
the low temperature !H spectrum in a 1:1 ratio and a new peak was observed at -550ppm in the
93Nb spectrum. The 1H peaks can be assigned to NbOMe (3.90ppm) and Nb.NCMe
(2.35ppm) 14 confirming that it is NbCl4(OMe).AN.

9.2.6 NbClr(OMe)3. AN

When (NbClp(OMe)3); is dissolved in acetonitrile it gives a single peak at -850ppm
(FWHM 10.5KHz) in the 93Nb spectra. Removal of the acetonitrile solvent gives a yellow
solid whose FTIR shows shifted acetonitrile stretches at 2313cm-! (8CH3 +vC-C) and
2285cm-! (vC=N) as well as peaks at 1090cm-! broad(s) (vCO) 1000 ¢cm-! (s), 860cm-1 broad
(m) and 560cm-! (vNb-O). This implies the formation of some monomer adduct
NbClp(OMe)3.AN. When the adduct is dissolved in deuterated toluene it gives rise to a
complex pattern of peaks in the low temperature !H NMR spectrum. Apart from a peak at
2.35ppm (Nb-NCMe) it has proved impossible to assign the peaks and hence confirm the

adduct formation by !H NMR.
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Methoxide Precursors for the Generation of [NbClg x(OMely~ Species

9.2.7 NaOMe

The standard preparation in Vogel was followed.15 13.6g of sodium (Fisons, 99.8%+)
cut into small pieces were placed into a 1 litre flask with a condenser and separating funnel
(with calcium chloride guard tubes). The flask was placed in an acetonitrile/N, bath and 200ml
of anhydrous methanol added. After the reaction had moderated a further 200ml of methanol
was added and the flask slowly removed from the acetonitrile/N; bath to facilitate the
production of NaOMe. Upon visual confirmation of the reaction completion, the solution was
refluxed on a water bath for 1/, hour to ensure completion. The solution was then rotary
evaporated to give white, water sensitive NaOMe. FTIR matched that in Aldrich Library162 for
NaOMe.

9.2.8 Tetrabutyl ammonium methoxide AOMe

TBAOMe was prepared in the following manner. 5.4g of NaOMe in 50ml of a 50/50
CHClp/MeOH mixture was added to a solution of 32.3g tetrabutyl ammonium bromide
(Aldrich, 99%) in 50ml CH,Cl, (Aldrich, lab grade, redistilled over sodium benzophenone)
and a further 400ml of CH7Cl added. NaBr precipitated out upon cooling at -10°C. The
solution was filtered and upon rotary evaporation gave white TBAOMe. This was then twice
recrystallized from acetonitrile and dried in solution over 3A molecular sieves (BDH, activated
at 5000C for 12 hours) as well as vacuum dried in the solid state over P,Os. However 1H
NMR of the solid in deuterated toluene revealed the presence of free methanol (3.50ppm)
implying that our attmpts at drying the TBAOMe had failed. !H NMR, TBAOMe, 1.00ppm
(triplet, 3H) (CH3); 1.40ppm (multiplet, 2H) and 1.60ppm (2H) (2 x CHj); 3.30ppm (2H)
(CH»-N*): MeOH 3.50ppm (3H) (CH3), 4.85ppm (broad, ~1H) (OH). FTIR matches that of
TBABr with additional peak at 1650cm-1(m).162

9.2.9 Errors
It is evident from Table 1.1 that all the 93Nb chemical shift data quoted in this thesis has

an error of + 7ppm. This is an experimentally derived error margin, because due to the paucity
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of 93Nb NMR data, there does not appear to be a standard error associated with 93Nb chemical
shift positions. This initially caused some problem in being able to assign peaks to given
species. However, it was not difficult to quantify this error experimentally.

Within a given solvent there are three possible areas of error:- (i) instrumental, associated
with the failure to correctly pick out the peak maximum; (ii) temperature dependence causing
variation in the peak position; (iii) concentration dependence, also causing the peak position to
shift. Instrumental error can be discounted, as although 93Nb NMR peaks often have line
widths (FWHM) of the order of 10KHz, the peak maximum is well defined. Even if it were
not, a broad flat peak maximum of 250Hz would only have an associated error of + 1ppm
(122.4Hz = 1ppm).

Temperature dependence was measured by cooling a solution of (NbCl4(OMe)); in
toluene (~0.1 mol dm-3) and measuring the associated chemical shift. As the temperature
dropped, the observed peak shifted to lower frequencies. This shift was linear down to 245 K.
At 295K the observed peak position was -500ppm; at 270K the position was -509.5ppm; at
245K the position was -519ppm and finally at 225K the peak position was -521ppm. Although
the NMR laboratory temperature is not constant from day to day, its variation is between
~296K and 286K. This implies a maximum possible lower frequency shift, due to temperature
dependence, of Sppm.

The concentration dependence at 295K was easily measured by preparing samples of
(Nb(OMe)s), in toluene at various concentrations and measuring the change in the 93Nb NMR
peak position. Three concentrations were prepared; 0.05, 0.005, and 0.0005 mol dm-3 and
these solutions gave the following chemical shifts; -1156ppm, -1146ppm, -1140ppm,
respectively. Thus the concentration dependence is in opposition to the temperature dependence
— as the concentration decreases, the peak position shifts to higher frequencies. As most of the
93Nb spectra were obtained from solutions with concentrations of Nb of between 0.05 and
0.005 mol dm-3, this gives a maximum higher frequency shift of ~10ppm.

Overall, therefore,there is an error band of 15ppm or +7ppm from the median position.
Thus the 93Nb chemical shift positions quoted in Table 2.1 are median positions with an

associated possible error of +7ppm.
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9.3. Chapter 3. General

Demineralised water was used for all the gelation studies, except the pH studies when
distilled water was added. Addition of demineralised water gives a slightly different optimum
HpO:Nb ratio compared to distilled water (for example, 0.5 mol dm-3 (NbCls), in EtOH has an
minimum gel time of 5 mins at HpO:Nb ratio of 55:1 for distilled water and 27:1 for
demineralised water), but no other differences were observed. All gelation reactions were done
in unsealed 12 ml, 2.0 cm diameter, sample bottles (washed and dried) at 293K. At the gel
point, viscosity increases as a step function (see Fig. 9.1). In the absence of viscosity
measurements, the large increase in viscosity upon gelation enables the gel times to be
measured as the time taken, after addition of water, to form a continuous gel network through
out the sample that could support its own weight when the sample bottle is turned on its side.
The pH studies were run on a Radiometer SAM 90 Sample Station with a VIT 90 video Titrator

and Orion 8103 Ross Combination pH electrode, which was standardised beforehand.

9.3.1 Gelation of (NbX5), Species

(NbCls)2 and (Nb(OEt)s)2 were obtained from Aldrich (99%+). (Nb(OMe)s)2,
(Nb(OPrl)s5), and (NbClp(OMe)3), were prepared as before (sections 9.2.2 and 9.2.3).
0.002, 0.1 and 1.0 mol dm-3 solutions of these compounds were then prepared in acetonitrile
(Aldrich, anhydrous), MeOH, EtOH and PriOH (all Aldrich, spectroscopic grade). 2 ml water
or 3 ml conc. HCI (Aldrich, lab grade) (2778 H,O equivalents) were added to the 0.002 mol
dm-3 solutions (10 ml). 1.75 ml water or 2.625 ml conc. HCI (103 HO equivalents) were
added to the 0.1 mol dm-3 solutions (10 ml). 2.5 ml water or 3.75 ml conc. HCI (28 H,0
equivalents) were added to the 1.0 mol dm-3 solutions (5 ml). Upon addition of water or acid

all the solutions were mixed thoroughly. The gel time for each of the solutions was noted.

9.3.2 Gelation of (NbCls); in Alcohols
0.5, and 0.05 mol dm3 solutions of (NbCls); in MeOH, EtOH and PriOH (Aldrich,
spectroscopic grade) were prepared as in section 9.2 and 2 ml quantities of the solutions were

reacted with between 16 and 670 equivalents of water. The gel times were noted. Similarly
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Fig. 9.1. Log (viscosity) vs time for 382.0g Si(OEt)4, 33.0g H20 and 83.4g EtOH.
HCI catalysed (mole ratio of HCI to Si(OEt)4 is 0.01). Cross indicates gel point. Taken from

ref 16(b), p204.
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0.5, 0.125, 0.0875 and 0.05 mol dm-3 solutions of (NbCls); in MeOH and EtOH were
prepared and 2 ml quantities reacted with between 16 and 670 equivalents of distilled water and

the gel times noted.

9.3.3 Characterisation of Hydrolysis and Gelation Products
0.05 mol dm-3 solutions of (NbCls); in PriOH, EtOH, and ethylene glycol were added

to a large excess (100 equivalents) of demineralised water and left for 6 hours to gel. The gels
were then washed and decanted from demineralised water until the decanted water was no
longer acidic. This was done to remove any HCl trapped in the gel, formed by the hydrolysis
of the Nb-ClI bonds in NbCl5.x(OR)x. The washed gels were then submitted to three drying
processes:-(a) room temperature drying to give a cracked glass; (b) oven drying at 150°C for
18 hours to give a powder; (¢) as (b) but then followed by heating to 900°C over 4 hours.
EDAX and CI- analysis!7 upon the 1500C dried gels and EDAX upon the gels dried at
293K confirmed that the resulting gel was hydrated amorphous NbyOs; no evidence could be
found for remaining Nb—ClI bonds after hydrolysis. Regardless of the parent alcohol all the gels
showed the same analytical properties. The Raman spectra of the room temperature dried gels
contain bands due to the ROH group, for example EtO v(CO) at 1090 cm-!. Weak bands below
1000 cm-1 (932, 760, 465 cm-1) were observed and correspond, respectively, to the vy, v and
vs stretching regions of NbyOs.18 No bands due to Nb-Cl stretching vibrations (100-200¢m-1
and 350-450cm-1) were observed. The FTIR spectra of the gels, after drying at 150°C, showed
that the majority of ROH and RO- had been removed, by the hydrolysis reaction and
subsequent drying, as peaks characteristic of the particular ROH were missing and only broad
peaks characteristic of metal oxides were observed. Fig. 9.2(a) shows a typical spectrum of an
EtOH gel after 150°C drying compared to hydrated NbpOs aged at 200°C (Fig. 9.2(b)) and
room temperature (Fig. 9.2(c)).19 The very broad band (600-700 cm-!) observed is due to
antisymmetric Nb-O stretching in the distorted NbOg octahedra.!8 The shoulder at ca 900 cm-!
may be assigned to V(Nb=0). Three weak bands observed at 1180, 1120 and 1050 cm-!
correspond to bands claimed to be diagnostic of ageing of Nb oxide precipitates.1?

Specifically, the 1180 and 1050 cm-! bands are due to the Nb-(OH)-Nb group.1? After heating
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Fig. 9.2
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Fig. 9.2. Typical FTIR spectra of an EtOH gel after (a) 150°C drying compared to (b)

hydrated NbyOs aged at 200°C and (c) room temperature. 19
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the gels to 900°C the Raman spectrum is identical to that of H-NbyOs 18 [Raman bands in cmrl:
vy region 991(s), 896(m); v; region 674(s), 625(s); vs region (Tzg) 548(mw), 470(m),
350(w); ve region (Tpy) 260(s), 240(s)]. Thus hydrated NbyOs is the hydrolysis product of the
NbCls_x(OR)x series.

Identical procedures were run on 0.05 mol dm-3 solutions of (NbCls), in MeOH,
EtOH, and ethylene glycol which were added to a large excess of 0.01 mol dm-3 H,SO4 (100
equivalents of water) and left to gel for 6 hours. The washed and dried gels are very similar to
the non acid catalysed gels. SEM EDAX showed that the washed gels still contained sulfur.
The FTIR spectrum of the 150°C is identical to those of the non acid catalysed gels except that
the peak at 1120 cm-! is hidden by an SO42- peak at 1135cm-1. The Raman spectrum of the
gels heated at 900°C is identical to that of H-NbyOs5.18

9.3.4 pH Studies

0.5, 0.125, 0.0875 and 0.05 mol dm-3 solutions of (NbCls); in MeOH and EtOH were
prepared and 0.5 ml quantities placed in 3ml sample bottles. These sample bottles were placed
in 12 ml sample bottles containing water, to give a minature water bath. This ensured that
during hydrolysis the temperature of the solution remained at 298K +3K. Between 40 and 670
equivalents of water were added to the samples which were stirred vigorously for 30 seconds

and the pH was then monitored.

9.4. Chapter 4, General

For alcohol solutions of (NbCls), weighed amounts of (NbCls)z (99%+ Aldrich) were
dissolved in the required alcohol (spectroscopic grade, Aldrich) to give the specified molarity,
and sonicated for 5 minutes. Gelation studies were done with the same experimental apparatus
and procedures as outlined in section 9.3. Unless otherwise stated in chapter 4 or below, film
formation entailed spreading a 50l drop of solution over 6 cm? of washed and dried
microscope slide. CO, absorbance pore analysis was run by Dr. Steve Jones, British Gas, R.
and D. Div., Wharf Lane, Solihull, B91 2JW on a Digisorb 2600, and the Dubinin-Astakhov

theory applied for data reduction.20.21
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9.4.1 Spin Coating of Thin Films of Nb»Os
In an attempt to create thin films of <0.5um thickness, initially 50l and 100pl drops of

0.5 mol dm-3 solution of (NbCls), in EtOH were applied to 5 x 1 x 0.3 cm ITO glass
electrodes and spun at 2000 rpm for between 2 and 17 minutes. They were then subjected to
three different temperatures (293K, 353K, 393K) for two hours. SEM revealed that the films
were of the order of 1um thickness and that the films were cracked and peeled. However, the
experiment was successfully repeated using 50pl drops of 0.05 mol dm-3 solutions of
(NbCls); in EtOH, with the films being spun at 2000 rpm for 2 minutes followed by drying at
393K for two hours. SEM revealed that the films produced were of the order of 0.1um thick
and crack-free, and hence could be used in the electrochemical experiments. CO2 absorbance

pore analysis revealed the films to be non-porous solids.

9.4.2 Thick Films of NbyOs

Having successfully created thin films of NbyOs, we attempted to form thick (~5um)
uniform films of NbyOs in order to compare the optical densities. It had been found that upon
dipping microscope slides into 0.5 mol dm-3 solutions of (NbCls); in ethanol, ethylene glycol
or isopropanol, and then into 1.0 mol dm-3 H,SO4, immediate hydrolysis and gelation
occurred to give a film of hydrated NbyOs. Repeating this with a 0.5 mol dm-3 solution of
(NbCls)2 in methanol did not give immediate gelation. Use of EtOH solutions gave the most
homogeneous gel coating. However the process of hand dip coating did not produce uniform
thickness films. In order to create an even and uniform thick film, 50ul drops of 0.5 mol dm-3
solution of (NbCls), in EtOH were applied to 5 x 1 x 0.3 cm ITO glass elctrodes and spun at
speeds from 500 to 2000 rpm for 1 to 10 seconds. The electrodes were then immediately
placed in 1.0 mol dm-3 HySOy4 for 1 minute for complete hydrolysis and gelation. The
thickness of the films was then measured by SEM and micrometer. It was found that uniform
films of S5um thickness were reproducibly formed when the electrode was spun at 1250 rpm

for 3 seconds. However, because of the short spin time, the spin coating had only progressed

to the spin off stage and a residual ridge of ca. 10-15um thickness was observed at the very
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edges of the film. These edges were stripped off and the exposed ITO glass coated with
silicone grease to give a thick (5 pm) NbyOs film for use in the electrochemical experiments.

Chemical Additives

9.4.3 Diacids

Two diacids were tried: adipic acid (CHpCH2 COOH)2 (Aldrich, 99+%) and
1,10-decanedicarboxylic acid (Aldrich, 99%). Saturated solutions of both acids in water and
50/50 water/ethanol were prepared and mixed with 0.5 and 0.2 mol dm-3 solutions of (NbCls),
in ethanol in a 10:1 ratio HyO:Nb. Into both solutions were immediately dipped microscope
slides to give films, the remainder of the solutions also being left to gel (at 293K). For the
adipic acid solutions, no acid catalysed gelation was observed, the gelation taking 90 minutes
for the 0.5 mol dm-3 (NbCls); solution in EtOH mixed with the adipic acid saturated solution
in water. Upon addition of 1,10-decanedicarboxylic acid solution to the niobium
chloroethoxide solutions, a grainy white gel precipitated out over 1 minute. In all cases, drying

at 293K gave cracked films after ~ 6 hours and eventually broken glass monoliths.

9.4.4 Bis-cyclopentadienylniobium (V) chloride (NbCl3Cp»)

The literature preparation of Wilkinson and Birmingham?2 was followed:

4.05g of (NbCls)2 was suspended (under N2) in 30ml dichloromethane (Aldrich,
HPLC grade, redistilled over sodium benzophenone) and 15ml of 2.0 mol dm-3 sodium
cyclopentadienylide in THF (Aldrich) was added with vigorous stirring and ice cooling. After 3
hours a brown “slush” formed which gave, upon Soxhlet extraction with dichloromethane
(under Np/HCI atmosphere) and cooling, red/brown crystals of NbCl3Cpa. If HCI gas is not
bubbled through the dichloromethane, then black NbCloCpy forms. Mass spec.: 293/5/7
NbCloCpa*; 258, NbCICpy+; 228/229/31 NbClpCp+. FTIR 1180 cm-1(w), 1170 cm-1(w),
1140 cm! (w) 1095 cm! (w), 1040 cm1 (w), 1020 cm-! (m), 960 cm-1 (m), 935 cm-! (s),
865 cm-! (s), 750 cm! (s) — matches that found by Wilkinson.22 A saturated solution of
NbCI3Cp2 in methanol (~0.05 mol dm-3) was prepared and gave a green/brown coloured

solution. This solution was then reacted water, acid and base (see section 4.3.3).
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9.4.5 Miscellaneous Chemical Modifiers

1.25 mol dm-3 solutions of (NbCls), in formamide (Aldich), methyl formamide
(Aldrich,) and dimethylformamide (Aldrich, HPLC grade) were prepared as in section 9.2.
Preparation of solid (Nb(OPri)s), (NbCls),, 6 and 3 mol dm-3 solutions of (Nb(OEt)s); in
EtOH and pure liquid (Nb(OEt)s), was as before, see sections 9.2 and 9.2.2. Nb(OPri)4Acac
was prepared by the addition of acetylacetone (BDH) and (Nb(OPri)s); in a 1:4 ratio and
sonication for 1 hour to give an orange liquid, Nb(OPri)4Acac.23 IH NMR (293K): 1.10,
1.20ppm,12H (CH3, OPri); 1.35, 1.45ppm, 12H (CH3, OPri); 1.65ppm, 6H (CH3, acac);
5.20ppm, 2H (CH, OPri), 5.45ppm, 1H (CH, acac), 5.75 broad, 2H (CH, OPri). FTIR
(cm-1): 3100(s) and 3070 (m); 1580 (s) and 1530 (s); 1450 br (mw); 1360 (s); 1300 (m); 1160
(m); 1100 (s); 1000 doublet (s); 930- (w); 880 (m); 800 br (m); 685 (m); 610 (w).

9.4.6 3-(GlycidyloxypropyDtrimethoxysilane "Glymo"

Glymo was obtained from Aldrich (96%, !H NMR confirmed that there were no major or
assignable impurities present). Glymo gels/polymers are formed by the hydrolyis reaction of
the following species at 353K for 1 hour: 4.1 ml glymo, 1.0 ml H20, 0.5 ml
MeOH(miscibility agent) and 0.05 ml H3POy4 (catalyst). The gels formed are clear and “plastic”
in nature. FTIR reveals that the methoxide groups have been fully hydrolysed:

Glymo, FTIR (cm-1): 2840, 2940 (s) (OMe, epoxide); 1900, 1730 (w); 1480 br (s), 1440,

1420 (m); 1395 (w), 1340 (s) (OMe); 1260 (s) (SiOMe); 1200 (vs) (epoxide); 1100 br. (vs)
(SiOMe, ROR); 905 (s) (epoxide); 870 br. (vs), 740 (s) (SiOMe); 700, 680, 640 (w);
440(s).24

Glymo Gel FTIR (cm-1): 2840, 2940 (s) (epoxide); 1650(m); 1420 (m); 1200 (vs) (epoxide);
1060-20 br (vs) (8Si-O-Si); 700 (m) (vSi-O-Si); 590 (w) (80-Si-0).24

9.4.7 Mixed NbO/Silicone Gels
Mixed silicone/NbO gels were created by mixing 0.25 mol dm-3 and 0.5 mol dm-3

(NbCls)2 solutions in EtOH with glymo and water, in sample bottles, placing in an oven for 18
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hours at 353K and the resulting polymers examined. Different initial Nb:Si:H>O molar ratios
were used to find the tolerences of the system.

A second set of experiments was run using 0.25 mol dm-3 (NbCls), solution in ethanol
and mixing with H20O and glymo at the following Nb:Si:H»O percentage molarities:- 7:11:82,
9:9:82, 8:12:80, 10:10:80, 12:8:80. This time though both monoliths and hand dipped films
were prepared and 2 types of heating were used: (a) 343K for 18hours and (b) 298K for 25
minutes, ramp the temperature to 323K over 25 minutes and hold for 18 hours. All the films
with a Nb percentage molarity < 10% were uncracked and none went cloudy. FTIR data for a
typical mixed NbO/silicone 9:9:82 mol ratio film is given here:
9:9:82 Mixed NbO/Silicone Film FTIR (cm-1): 3200 (s) (H0); 2840, 2940 (s) (epoxide);
1650 (ms); 1420 (w); 1200 (s) (epoxide); 1120 (s) (ROR); 1060 br (s) (8Si-O-Si); 840 br (s);
750 (m); 700 (m) (vSi-O-Si); 650 br (m); 590 (w) (80-Si-O). Although it is hard to be
definitive in the assignment of the broad band between 900-600 cm-! in the films (characteristic
of Nb-O, see section 9.3.3), it is clear that full hydrolysis has occurred — there are no Si-OR

peaks at 850-750 cm-! and 1460nm; no Nb-OR at 580nm nor any trace of free alcohol.

0.4.8 Mixed NbO/Silicone Electrodes

A set of mixed uncracked NbO/silicone polymers electrodes were obtained by mixing the
required volumes of 0.2 mol dm-3 (NbCls), in EtOH , glymo and water, (to give 9:9:82 and
8:12:80 Nb/Si/H20 percentage molarities) and spreading a 6yl drop of the resulting solutions
on 2 cm? of an ITO glass electrode and heating in the oven at 335-353K and for between 18-24

hours.

9.4.9 Composite Electrodes

As with the thick niobium oxide films (section 9.4.2), a 0.05 ml drop of 0.5 mol dm-3
(NbCls); solution in EtOH was spread over 2cm? of ITO glass and then spun at different
speeds (1000-1500rpm) for different times (1-10secs). The electrode was then placed in 1 mol
dm-3 sulphuric acid for Iminute to gel, excess acid gently blown off and the thick gel edges

removed. These soft films were then dipped in either a glymo/MeOH/water mixture or a
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5:13:82 Nb:Si:water mixture or a 9:9:82 Nb:Si:water mixture and spun again to remove excess
second coating, this second spin being done at the same spin rate and time as the first film. The
electrodes were then heated in an oven at 335K for 3 hours. Higher temperatures were tried but
the films cracked. Like the single layer thick soft niobium oxide films it was found that the
most reproducible uniform films were obtained by spinning at 1250 rpm for 3 seconds and by

applying a second coat containing a 5:13:82 Nb:Si:water mixture.

9.5 Chapter 5, General
Cyclic voltammetry and chronoamperometry. Measurements were carried out using a

combined pulse/scan generator and potentiostat (Pine Instruments RDE4 or homebuilt) and a

Graphtec XY recorder. The three electrode cell configuration is shown in Fig. 9.3(a).
Electrolytes used were: 1.0 mol dm-3 H2SO4 or 0.5 mol dm-3BuP4NPFg (Aldrich, 98%
recrystallised) in HPLC grade acetonitrile (Aldrich). All potentials reported vs SCE (standard
Calomel Electrode). The cell was Ny purged before use. Chronoabsorptiometry and spectra
were recorded using the cell depicted in Figure 9.3(b), which could be inserted directly into the
cell-block of a Phillips PU8720 UV-Vis Spectrometer. Here a Pt quasi-reference was used
instead of the SCE. Between three and six electrodes of each type were investigated. Diffusion
coefficients and electrochromic efficiencies are quoted as mean values, the diffusion
coefficients to a 99% confidence interval(see Appendix 2).

Electrochemical Impedance Measurements. The electrode (exposed area 1 cm?2) was mounted
in a three-electrode cell with SCE reference electrode and ITO counter electrode, and 1.0 mol

dm-3 H2SO4 electrolyte at 293 K. Data was collected by a Solartron 1255 Frequency Response

Analyzer and 1286 SI Electrochemical Interface.

Electrode Fabrication
9.5.1 Thick NbyOs/ITO Electrode

A 5x1x 0.3 cm ITO (indium tin oxide, Phosphor Products, 20€2/square) glass
electrode was ultrasonically cleaned then coated with a 50 pl drop of 0.5 mol dm-3 (NbCls),

(Aldrich) in spectroscopic EtOH (Aldrich), and this was then spun at 1250 rpm for 3 seconds
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Fig. 9.3. The three electrode cell configuration used for (a) chronoamperometry, (b)

chronoabsorptiometry experiments.
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on an upturned Pine Electrodes Rotator, so that 2 cm?2 was covered. The electrode was then
placed in 1.0 mol dm-3 H2SOy4 for 1 minute for complete hydrolysis and gelation. This gave an
even coating ca. 5 pm thick as measured by micrometer and SEM. The edges of the film were
ca. 5 -10 um thicker than the central part. Excess water was very gently blown off with a low
velocity air stream at an angle of ~ 100 to the gel. The edges were stripped off and replaced by
silicone grease in order to mask the exposed underlying ITO. The final NbOs/ITO electrode

was 1.2 cm? in area.

9.5.2 Nb»Os/Silicone Composite Electrode

A NbyOs/ITO electode was prepared as in section 9.5.1 but without the silicone grease
applied to the exposed ITO, then dipped for 3 seconds in a composite silicone containing sol.
The composite sol contained: 10.0 c¢m3 0.2 mol dm-3 (NbCls), (Aldrich) in Spectroscopic
EtOH (Aldrich), 2.3 cm3 3-Glycidoxypropyltrimethoxysilane (Glymo) (96% Aldrich) and 1.17
cm3 demineralised water. The resulting solution thus contained Nb:Si:H2O in the molar ratios
5:13:82. The electrode was then spun at 1250 rpm for 3 seconds to remove excess sol and

dried at 60°C for 3 hours.

9.5.3 Thin (0.1yum) Films of NbyOs

Thin films of NbyO5 were produced by applying 50pl drops of 0.05 mol dm-3 solution
of (NbCls)o in EtOH to 5 x 1 x 0.3 cm ITO (Indium Tin Oxide, Phosphor Products,
20Q2/square) glass electrodes. The electrodes were then spun at 2000 rpm for 2 minutes and
finally dried at 393K for 2 hours. SEM revealed the films to be of the order of 0.1pm thickness
and all the films thus produced were crack-free, and hence could be used in the electrochemical

experiments. Measurements of film weight gave film densities in the region of 3.9-4.1 g cm3.

9.5.4 Ethylene Glycol Gels

A 0.5 mol dm-3 solution of (NbCls); in ethylene glycol was prepared and mixed with

water in a 10:1 HpO:Nb ratio and spread onto ITO glass (a) immediately, and (b) after 45
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minutes of hydrolysis. After 4 days at 293K, the soft white gel electrodes (thickness ca. S0pm)

were tested for electrochromic properties.

9.5.5 NbOQ/Silicone Gel Electrodes

A set of mixed uncracked NbO/silicone polymers electrodes (thickness ca. 15um) were
obtained by mixing the following volumes of 0.2 mol dm-3 (NbCls); in EtOH, glymo and
water: 10.0 ml, 1.78 ml, 1.30ml respectively for a 9:9:82 Nb:Si:H7O solution and 10.0ml,
2.66ml and 1.42ml for the 8:12:80 solution. Then a 6pl drop of the resulting solution was

spread on 2 cm? of ITO glass and heated in the oven at 335-353K for 18 or 24 hours.

4.5.6 Assumptions in the Calculation of Dy+ For The Thick Films
In calculating Dy+ from the slope of the i vs t-1/2 graph (Figs. 5.8(a) and (b)), certain

assumptions have been made, in order to extract a value for Dy+.

From eq(5.4) it is evident that D can be calculated if one knows either C, the
concentration of reactant centres, or L and Qrgy, the thickness and total charge passed,
respectively. Cabanel et al25 took C to be equal to the external electrolyte concentration, for
which there seems to be no justification. Other workers 26-28 assumed C was proportional to
the density of the films — this latter method is more justifiable, however we were unable to use
this assumption as the concentration of the reactant sites decreased every cycle due to the
cracking and peeling of the films.

In order to obtain Dy+ we calculated d and Q. d was taken to be the ex-situ thickness
of the film, ie any increase in film thickness due to solvent swelling has not been taken into
account. Qo was calculated from the amount of charge passed on the colouration cycle during
semi infinite diffusion. Fig. 9.4 shows i vs t-1/2 graph of a typical polymer electrode.2 The
point tg marks the end of the semi infinite diffusion and corresponds to the colour front

reaching the internal interface of the film, as shown in Fig.9.5 (a).29.30
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Fig. 9.4. 1 vs t-1/2 graph of a typical polymer electrode showing tg, where (o) are the

experimental data and (—) the theoretical fit. Taken from reference 29.
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Where C is the concentration of reactant centres and Creq is the conc. of reduced reactant
centres. If t>tg then a concentration gradient like that shown in Fig. 9.5 (b) occurs, whilst still
being diffusion controlled, the Cottrell equation is no longer obeyed and hence the graph
deviates from the Cottrell slope. t4 for the composite electrode is 9 seconds and thus Q4 can be
measured from the chronoamperometry experiments. As 2Qq~Qroy, this allows a value of QT

to be calculated.30

9.6 Chapter 6, General

Cyclic voltammetry (CV) and chronoamperometry were carried out using a combined
pulse/scan generator and potentiostat (Pine Instruments RDE4) and a Graphtec XY recorder in
a standard three electrode cell. The working electrode was a home-built glassy c‘arbon electrode
(4 mm diameter), the microelectrode was a home-built platinum microelectrode (50 pm
diameter) and the counter electrode was a platinum wire. All equipment and glassware were
vacuum dried over PpO5 and all the electrochemistry was done with degassed solutions under
Nj. Background CV's of the Nb-free solvents showed no electrochemistry in the regions
being examined. Chronoamperometric experiments were analysed graphically or via a
Macadios (G.W. Instruments) electrochemical interface to a Macintosh SE/30. Analysis

programs for the calculation of D and n were written in Quickbasic (Microsoft).

9.6.1 Non-Aqueous Electrochemistry

The non-aqueous solvents used for the electrochemical measurements were acetonitrile

(AN) and dimethylformamide (DMF), both were anhydrous grade (Aldrich) redistilled over 3A
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sieves. The supporting electrolyte was 0.1 mol dm-3 Bu"4NPFg (Aldrich recrystallized,
vacuum dried over P05 ). Throughout the non-aqueous electrochemistry work ferrocene has
been used as an internal standard after the proposal of Gagne et al.6 Initially a quasi Pt
reference electrode was used to observe the electrochemistry under investigation and then
ferrocene was added as a reference redox couple. However, where ferrocene was found to
react with the compounds under investigation (chapter eight) the reference electrode,
Ag/Ag*NO3- (0.01 mol dm-3), TBAHFP (0.1mol dm-3) was used, which in turn was
standardized to ferrocene in a separate AN solution. Ferrocene is a useful internal reference as
it has a known Ej/ of 0.400V vs N.H.E.6 In all non aqueous solutions when

diphenylanthracene was added to the solution, to check electrode conformation, AEy, for its

redox couple was found to be 90mV.

9.6.2 Aqueous Electrochemistry
Concentrated HCI (Aldrich, lab grade) or 0.1 mol dm-3 KOH solution (Aldrich,

A.C.S.) were used as the solvent and electrolyte systems. For the aqueous electrochemistry a
saturated calomel electrode (SCE) (Russell pH Ltd) was used. A platinum disc electrode
(diameter 6mm) working electrode was also used in conjunction with the carbon electrode

described in section 9.6.

Niobium Precursor compounds

9.6.3 General

The (NbCls); and ferrocene (vacuum dried over PpO5) were lab grade (Aldrich).
CsNbClg was made by the standard preparation (see section 9.2.1).1 (Nb(OR)s), where R =
Me, Et and Pr! were prepared as before (see section 9.2.2). NbOCI3 species were prepared in
situ by the addition of 2 equivalents of demineralised water and identified by 93Nb NMR,
NbOCl;3.(AN), has a peak at -498ppm (FWHM~850Hz) and NbOC]l3 in DMF has a peak at

-500ppm (FWHM~1200Hz).31
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9.6.4 NbCl5.AN
93Nb NMR of (NbCls); added to warm (315K) anhydrous acetonitrile gives a peak at -55ppm

(500Hz wide) and is indicative of the monomer adduct, NbCls.AN.10

9.6.5 (NbCls)7 in DMF

Before carrying out the electrochemistry of (NbCls)2 in DMF we investigated whether
(NbCls), reacts with this solvent. Dissolution of (NbCls); in anhydrous DMF gave a 93Nb
N.M.R signal at 1.5ppm (FWHM 30Hz). Both the position and linewidth reflect the lower
pseudo-octahedral symmetry about Nb in the dimer (NbCls), compared to [NbClg]~ which
was used as the NMR reference. Furthermore 2.5 mol dm-3 solutions of (NbCls), were
prepared (under N7) in warm anhydrous DMF (343K) and allowed to cool. The yellow
precipitate formed was washed with cold benzene (under Np) and vacuum dried over P05 for
4 days. The yellow solid showed no proton spectra in deuterated toluene thus we conclude that
the only species present in the DMF solution is the dimer (NbCls);. In separate experiments we
have found that (NbCls); is hydrolysed as follows:

(NbCls); + HpO <——= NbOClj3 + [NbClg]- + 2H* + CI- (9.1)

However, in our electrochemical experiments there was no 93Nb NMR evidence for either

NbOClI;3 (-500ppm19) or NbClg~ (Oppm), implying that the solution is anhydrous.

9.6.6 “Amorphous” K7HNbgO19.13H20

K7HNbgO19.13H20 was prepared by the method of Edlund et al.32 10g of NbyOs
(Aldrich, 99.9%) was fused with 20g KOH (Aldrich, 99.99%) in a nickel crucible to form a
clear melt. This was then dissolved in 200ml of distilled water and filtered. Equal amounts of
ethanol (Aldrich, lab grade) were added, the solution stirred vigorously, the precipitate filtered
and washed with cold ethanol. The precipitate was then recrystallised from water twice to give
K7HNbgO19.13H0. This was characterized by X-ray powder diffraction (see Fig. 9.6(a))
(and matched the theoretical powder diffraction for K;HNbgO19.13H20 calculated from the
X-ray crystal pattern of NaHNbgO19.13H2033 using a Stoe modified version of the Lazy

Pulverix program) and FTIR (see Fig. 9.7(b)).
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Fig. 9.6. The X-ray powder diffraction pattern of (a) K7HNbgO19.13H,0 crystals; (b)

“amorphous” K7HNbgO19.13H,0 (first precipitate).
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Fig. 9.7. FTIR spectra of K7JHNbgO19.13H20 and products where (a) is film formed by
electrodeposition from K7HNbgO19.13H20 solution, (b) is K7HNbgO19.13H20 (crystals) and

(c) is KJHNbgO19.13H,0 (first precipitate, ie “amorphous” K7HNbgO19.13H20).
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Unfortunately K7HNbgO19.13H20 is only sparingly soluble in aqueous solution, even
1.0 mol dm-3 KOH. However the first precipiate is far more soluble (rather than the third)
allowing electrochemical solutions to be prepared. Figs. 9.6(b) and 9.7(c) show the powder
diffaction and FTIR of the first precipitate. Fig. 9.7(c) shows the three strong bands at 850,
700(br) and 520 cm-! characteristic of [NbgO19]8- but without the strong peak at 1450 cm-!
and the weak peak at 880 cm-! characteristic of KyHNbgO19.13H70 (see Fig. 9.7(b)).
Similarly Fig. 9.5(b) shows a set of peaks in the 9.0-14.0 20 region characteristic of
[NbgO19]8- species. That these peaks do not match a single compound is indicative of a
mixture of cations being present.34 This implies the formation of [NbgO19]8- units but no long
range crystallinity and this first precipitate has been dubbed “amorphous”
K7HNbgO19.13H,0. 0.002 mol dm-3 solutions of “amorphous” K7HNbgO19.13H20 were

prepared in 0.1mol dm-3 KOH but no redox chemistry for this species was observed.

9.6.7 Calculation of The Rate Constant from Cyclic Voltammetry

For an ec system, the book “Instrumental Methods.In Electrochemistry”’33 contains a
working curve for the estimation of the rate constant (k) of the chemical reaction. This is a plot
of log(kt) vs Ip a/Ipc where Tis AE/v. AE is the difference between Eq; (the half wave
potential) and E the switching potential, ie the potential at which the sweep is reversed. v is

the scan rate. By comparison of experimentally derived values of I o/Ip ¢ with the working

curve, values of log (kt) are obtained. As AE and v are known for each of the values of

Ip a/Ipc, the rate constant can be calculated.

9.6.8 Calculation of the Diffusion Coefficients from Chronamperometry

As we have seen in section 5.2.1, the current for a macroscopic electrode, under

semi-infinite diffusion conditions, is given by:

; nFAD!2C
i(t) = W (9.2)

Where n is the number of electrons, t is the time taken (sec), D is the diffusion coefficient of

the molecular species (cm2s-1), A is the macroscopic area of the film (cm?), F is the Faraday
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constant, C is the concentration of molecular species (mol cm-3).

Similarly, for a single disc microelectrode with hemispherical diffusion dominating (see
section 5.8.), the limiting plateau current (iy) is given by:

i1=4nFDCr (9.3)

Where r = radius of electrode, n = number of electrons, F = Faraday constant, D = diffusion
coefficient (cm2s-1), C = concentration of molecular species in solution. Thus by conducting
chronoamperometry experiments (using a macroscopic area electrode) and obtaining CV’s by
cycling around the redox potential with a microelectrode we are able to find the slope of the i vs
t-1/2 plot and the limiting plateau current. These give two simultaneous equations in D and n

(assuming C, r and A are known) which are solved for D and n.

9.7 Chapter 7. General

All niobium compounds investigated were prepared as in sections 9.6.4-7. The
electrodeposition experiments were conducted using the same general experimental as
described in sections 9.6-9.6.2, but with the following additions:- (1) platinum disc working
electrodes (Imm and 6 mm diameter) were used in addition to the carbon electrode; (ii) all
working electrodes were polished consecutively with 5, 1 and 0.25 pm diamond polish (Engis
Ltd, Hyprez Five Star grade), washed in acetone, sonicated in an acetone bath for 30 minutes,
washed again with demineralised water and acetone and finally dried at 80°C; (iii) an SCE
reference electrode was used in all systems.

Film formation was checked visually, and then electrochemically by cycling the
electrodes in 1.0 mol dm-3 HpSOy4 between 0.2V and -1.0V in order to observe any
characteristic NbpOs electrochromic CV’s. Films thus found were analysed using FTIR,

powder X-ray diffraction and SEM EDAX.

201



9.7.1 Superoxide Generation
0.0025 mol dm-3 solutions of (NbCls)y or (Nb(OR)s)2 (where R = Et or Pri) in

acetonitrile, DMF or DMSO (Aldrich, HPLC grade, redistilled over CaHs) with 0.1 mol dm-3
supporting electrolyte were prepared. The electrolyte was either tetra butyl ammonium
hexafluorophosphate (TBAHFP) or tetrabutyl ammonium dihydrogen phosphate (TBADHP)
(Aldrich, 97% recrystallised from acetonitrile, vacuum dried over PpO5). TBADHP is not
soluble in DMF. O; was bubbled into the solutions at ~lcm3s-! through a sintered glass frit.
The Oz + &= 03" redox was observed at -1.0V (Epc = -1.05V, Epa =-0.95V, vs
SCE) and the second reduction of oxygen, O2- + e~ — 0p2- at -1.8V.36.37 O, was bubbled
through the AN and DMF solutions whilst a constant potential of -1.8—-2.0V was applied. In
DMSO a potential of -1.1V was applied (see section 7.1.1). Table 9.1 gives a summary of the
types of electrode, metal precursor, solvent, electrolyte, and period of electrolysis. No metal

oxide film was ever observed.

Tabl 1
Summary of Superoxide Generation Electrodeposition Experiments
Electrode Nb Precursor Electrolyte Solventd Electrolysis Time

(hr)
C (Nb(OEt)s5)2 TBAHFP DMF 4-16
Pt (Nb(OEt)5)2 TBAHFP DMF 1-16
Aub (Nb(OEt)s)2 TBAHFP DMF 1-16
C (Nb(OPr)s)> TBAHFP DMF 11/,
Aub (NbCls) TBAHFP DMF 1-16

C (NbCls)o TBADHP AN 1

C (Nb(OE)5)2 TBADHP AN 2
Aub (Nb(OEt)5)2 TBADHP AN 1-16
C (NbCls)2 TBAHFP DMSO 1-10

(a). -1.8—5-2.0V (vs SCE) was applied in AN or DMF solutions, -1.1V (vs SCE) in DMF

solutions.

(b).  6mm diameter Au disc electrode.
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9.7.2 Reduction of Teriary Alcohol

The two tertiary alcohols investigated were triphenyl methanol (TPM) (KochLight,
puriss grade, (CgHjs5)3COH) and 9-fluorenemethanol (9F) (Aldrich, 99%,
(CeHy)2C(CH3)OH), recrystallised from DMF and vacuum dried over PpOj5 for 3 days. The
working electrode was a hanging mercury drop electrode prepared from a 1mm dia. Pt
electrode and triply distilled mercury. 0.1 mol dm-3 solutions of TPM and 9F in anhydrous
DMF, containing 0.1 mol dm-3 tetrabutyl ammonium hexafluorophosphate and 0.0025 mol
dm-3 (Nb(OEt)s), were electrolysed at -2.90V and -2.50V (vs SCE)38 respectively to give
niobium oxide films. SEM EDAX analysis indicated the sole presence of niobium, and the
abscence of mercury. FTIR for both sets of films showed a broad featureless band from

400-950 cm-1 characteristic of niobium/oxygen bonds (see section 9.3.3 and Fig. 9.2 (a-c)).

9.7.3 Reaction of Niobium with H>O»

1.5-3.0g of tungsten and molybdenmum metal have been dissolved in 10 ml of 30%
H03 and subsequently electrodeposited as oxides.3? Unfortunately, not even 0.1g of niobium
metal (Aldrich, -60 mesh, 99.8%) appears to dissolve in 10ml of 30% H»O7. Addition of 1-

5ml of conc HNO3 to the solution also failed to dissolve the niobium.

9.7.4 “Amorphous” K7HNbgO19.13H>0

“Amorphous” K7HNbgO19.13H20 was prepared as in section 9.6.7. and solutions of
0.002 mol dm-3 concentration in 0.1 mol dm-3 KOH were electrolysed at 1.6V and 1.95 V (vs
SCE) for between 3-23 hours on a platinum electrode. This electrolysis produced protons
which lowered the pH and white niobium oxide films were electrodeposited. These films gave
no powder X-ray diffraction pattern implying that they are truly amorphous solids. The FTIR
spectrum of a typical film is shown in Fig. 9.6(a) and seems to indicate a mixture of NbyOs
and [NbgO19]8- units. Cyclic voltammetry in 1.0 mol dm-3 HpSO4 revealed CV’s characteristic
of electrochromism (see Fig. 7.2). Repeating the experiments with C and ITO electrodes failed

to form films.
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9.7.5 (NbCls)2 in Conc. HCI
Electrolysing 0.1 mol dm-3 solutions of (NbCls); in conc HCI (Aldrich, lab grade) at

-1.00V (C electrode) and -0.5V (Pt electrode) (vs SCE) to increase the pH of the solutions and
hence electrodeposit NbyOj5 failed to form a film but gave a precipitate of NbpOs. FTIR of
these washed precipitates dried at room temperature and 150°C gave identical spectra to those

shown in Fig. 9.1(a) and (c), confirming that hydrated NbpOs was being formed.

9.7.6 Mixed Organic/Aqueous Systems
1.08 ml of conc. HCI was added to 10 ml of 0.1 mol dm-3 (NbCls); in AN or DMF

(Nb:H20 = 1:20). Electrolysing at -1.20V (vs SCE) (C and Pt electrodes) gave H» gas and a

NbyOs5 precipitate (similar to that found in 9.7.5), but no film.

9.8 Chapter 8, General

UV/Vis spectra were obtained on a Phillips PU8720 UV/Vis spectrometer using a
0.5mm path length cell. ESR spectra were obtained on a Bruker ER 200 D spectrometer with
low temperature attatchment. 93Nb NMR were run on a Bruker MSL 500 spectrometer, 'H on
a WP80 and 2D, 14N on an AM300 spectrometer. FTIR (Perkin Elmer 1720) and Raman
(Spex 1403 interfaced to a DM1B computer with Coherent Radiation Innova 90-6 Ar* laser
excitation at 514.5 nm, power < 100 mW at the sample) spectroscopic data are within + 1

cm-l.

9.8.1 Dicaesium hexachloroniobate(IV), Cs>[Nb(IV)Clg]

On addition of ferrocene (Aldrich, 98%, 0.19g, 1 mmol) to a solution of CsNbClg
(section 9.2.1) (0.44g, 1 mmol) in 50 ml acetonitrile, followed by ultrasonication, a purple
solid (CspNbCl) is precipitated (under Np, at 293K). The CsoNbClg was filtered off under N,
and vacuum dried over P,Os. Yields were essentially quantitative. The sample was identified
by comparison with the spectroscopic data described in a previous high temperature

preparation.40 Elemental microanalysis confirmed there was no C or H present. UV/Vis (nujol

mull): Amax/nm (relative intensities), 400 (1:0), 543 (0.95). FTIR: v(Nb-Cl) 310 (v3, tiu)
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Fig. 9.8. X-ray powder diffraction patterns of (a) CspNbClg and (b) CpaFeNbClg.
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cm-1, Raman: 328 (v, arg), 156 (v, tay) cm-! cm-1 (matches that given by Nakamoto?2). The
compound is insoluble in both organic solvents and 10.2 mol dm-3 HC1,40 and we found no
93Nb NMR solid state signal, implying that paramagnetic NbIV was present. See Fig. 9.8(a)

for powder X-ray diffraction pattern.

.8.2 Bis(cyclopentadienyl)iron hexachloroniobate(V. Fe[NbCl

Addition of ferrocene (Aldrich, 98%, 4.65g, 0.025 moles) to (NbCls)2 (13.5g, 0.05
moles) in 100 ml dry AN yielded 11.24¢g (0.0227 moles) of washed and dried CpaFeNbClg
(under Np, at 293K). (Addition of a further 4.65 g of ferrocene gave no more precipitate.) The
blue-black precipitate CppFeNbClg was filtered under Np, washed and recrystallised from
acetonitrile and dried under vacuum over PpO5. Anal. Calc. for CjoH19FeNbClg : C, 24.27,
H, 2.04; N, 0.0. Found: C, 24.04; H, 1.91; N, 0.07. FTIR (cm-1): 1420, 1110, 1000, 860
420 cm-1 (ferricenium?); 330cm-1. ( cf. Cs[NbClg]? v(Nb-CI) 333cm-1). 93Nb solid (magic
angle) NMR, 5 kHz spinning rate, 8 = Sppm (indicating [NbClg]- ), referenced to Cs[NbClg]
external standard. No 13C or 93Nb NMR solution spectra found for this Nb(V) compound. See

Fig. 9.7(b) for powder X-ray diffraction pattern (isomorphous with K,PtClg).

9.8.3 Bis(1-methyl cyclopentadienyliron hexachloroniobate(V), Cps’Fe[NbClg]
Addition of 0.107g 1,1’-dimethylferrocene (Aldrich, 97%, 0.5 mmol) and 0.135g

(NbCls)p in 10 ml dry AN gave a green solution. Removal of the solvent gave a green
precipitate which was stored under Np. FTIR (cm-1):- 1364, 1234, 1054, 1027, 871, 797.
This matched the FTIR spectrum of dimethylferricenium dodeca-tungstosilicic acid prepared by
the standard method of Wilkinson et al (dimethylferrocene in ethanol/water is oxidised by
H7S0O4 and precipitated by the addition of dodeca-tungstosilicic acid to give blue-green

dimethylferricenium dodeca-tungstosilicic acid).4!

9.8.4 Bis(pentamethyl cyclopentadienyl)iron hexachloroniobate(V), Cpy*Fe[NbClgl
Addition of 0.155g decamethylferrocene (0.5 mmol) and 0.135g (NbCls)2 in 10 ml dry

AN gave a green solution. Removal of the solvent gave a green precipitate which was stored
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under N». FTIR (cm-1):- 1072, 1012, 864, 580, 520, 442. This matched the FTIR spectrum of
decamethylferricenium dodeca-tungstosilicic acid prepared by the standard method of
Wilkinson et al (decamethylferrocene in ethanol/water is oxidised by H»SO4 and precipitated
by the addition of dodeca-tungstosilicic acid to give green decamethylferricenium

dodeca-tungstosilicic acid).41

9.8.5 Ammonium Chloride

The ammonium chloride crystals produced by the hydrolysis of acetonitrile were
washed with cold acetonitrile, dried at 80°C. FTIR matched identically that of commercial
ammonium chloride (Aldrich, ACS reagent). Anal. calc:- H, 7.53: N, 26.18. Found:- H, 7.53;

N, 25.81; C, 0.90.

9.8.6 NMR Studies of Acetonitrile Hydrolysis Reactants and Products

In order to elucidate a mechanism for the hydrolysis, a series of NMR studies were
undertaken at 293K. The studies had to be done in deuterated acetonitrile as the addition of
water to solutions of (NbCls)> in non-coordinating solvents caused the immediate precipitation
of NbyOs. 0.1 mol dm-3 solutions of NbCls.AN (AN = acetonitrile) and 0.05 mol dm-3
solutions of NbCls.BN (BN = phenyl acetonitrile) were prepared. To these solutions were then
added either 2 or 3 equivalents of H»O ii) 3 equivalents of MeOH and 2 equivalents of HyO.

Multinuclei NMR spectra were then run on these solutions to follow the reactions occurring.

9.8.7 NbCls.BN

1.35g of (NbCls)2 was dissolved in excess (20ml) phenyl acetonitrile, (Koch Light,
puriss grade, redistilled over PpOs), and sonicated for 1 hour at 60°C (under N2). Removal of
solvent gave a brown solid, NbCls.BN. 1H spectra, 7.53ppm, SH (phenyl), 3.925ppm, 2H
(CH2).
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9.8.8 Nb(OH)Cl4.BN
Addition of 2 or 3 equivalents of water to a 0.05 mol dm-3 solution of NbCls5.BN in

CD3CN gives Nb(OH)Cl4.BN. H spectra, 7.50ppm (5H), 3.90ppm (2H).

9.8.9 NbCl5.AN
1.35g of (NbCls)2 was dissolved in excess (20ml) acetonitrile, (Aldrich, anhydrous

grade, redistilled over CaH»), and sonicated for 1 hour at 60°C (under N3). Removal of
solvent gave a yellow solid, NbCls.AN. 1H spectra (in CD3CN), 2.425ppm (obtained by
adding a further 10 eq. of CH3CN), 93Nb spectra, -55ppm.

9.8.10 Nb(OH)Cl4.AN

Addition of 2 or 3 equivalents of water to a 0.1 mol dm=3 solution of NbCls.BN in

CD3CN gave Nb(OH)Cls.BN. 1H spectra, 2.325ppm. 93Nb spectra, -495ppm.
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Appendix 1

The condensation reactions of niobium hydrolysis species can be represented by:

Nb(OH)4 + Nb(OH);; — NbOND + HyO (A.1)

where z, and zp are the coordination numbers of hydroxide ligands bound to the
niobium and z>3 for a branched polymer gel.l

Assuming hydrolysis is fast, that [Nb(OH)z3] ~ [Nb(OH),p] = ¢ (and initially after
hydrolysis ¢ = Cy ) and no catalyst is present, then by application of Flory’s classical kinetics

for polymer formation:2

ke2 = 'd[Nbé?H) ! (A2)
or kt = ¢l - constant (A.3)
then  Cokt = (1-p)-1 - constant (A.4)

(where p is extent of reaction, ¢ = (1-p)Cop)
At the gel point:! p = (z-1)! (A.5)
then  Cokty =2 - constant (A.6)
As C, is a fraction of the original niobium concentration [Nb] then:
tg = m[Nb]-! where m is a constant (A.7)
Thus gel times are expected to be inversely proportional to the original niobium

concentration.

1; C.J. Brinker, G.W. Scherer, “Sol-Gel Science”, Academic Press, London, 1990,
p315-6.
2 “Kinetics and Mechanisms of Polymerization”, ed. D.H. Solomon, Marcel Dekker,

New York, 1972, p7.
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Appendix 2

The “normal” or “mean” value (X) of a set of n data points is calculated as:!

- ZXi
X == (A8)
The standard deviation (s) of this distribution is expressed as:1
Z
il n_ (zy2 (A.9)
The standard error of the mean, &i, is expressed as:!
8- _s (A.10)

(n-1}172

This enables us to calculate the probability of finding the population mean within a

given confidence limit. For a 99% confidence limit, the term is:!

X 12.57662 (A.11)
Eq A.11 was used to find the quoted 99% confidence limits on the diffusion

coefficients.

1. “Statistical Analysis in Geography”, C.K. Ballantyne, Dept. Of Geography and
Geology, St Andrews, 1989, p1-18.
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