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1. Introduction

Inrecent years there has been a great deal of interest
in the use of molecular species as precursors for the
formation of inorganic materials.!* Techniquesforthe
formation of such materials, including chemical vapor
deposition (CVD), sol-gel processes, metal-organic

* Author to whom correspondence should be addressed.
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decomposition, and molecular beam epitaxy, to name
but a few, require metal-organic molecules as precursors
which have specific physical and chemical properties.
The primary characteristics are generally either a high
vapor pressure and/or substantial solubility in partic-
ular solvents. With more effort devoted to research in
this area, metal-organic precursor molecules are steadily
becoming more sophisticated to include design aspects
such as particular decomposition mechanisms, including
B-hydride elimination,® or disproportionation for the
CVD of metals® and the synthesis of heteromultimetallic
precursors with a specific stoichiometry desired for the
final material.”1° The preparation of inorganic ma-
terials from metal—organic precursors generally has the
advantages over “traditional routes” of low tempera-
tures of formation, low crystallization temperatures,
better compositional uniformity at low temperatures,
and conformal coverage in the case of films. Disad-
vantages of traditional routes often include incorpo-
ration of impurities, inhomogeneity and phase segre-
gation and the need for high sintering temperatures.

There has been a resurgence in interest in the
chemistry of metal alkoxide compounds due to the
advantages of sol-gel techniques for the preparation of
metal oxide ceramics.!-2! This technique is based on
the hydrolysis and condensation of metal alkoxide
compounds according to eqs 1-4 below. Hydrolysis

MOR + H,0 - MOH + ROH  hydrolysis 1)

MOH + MOR — MOM + ROH -~
alkoxolation 2)
MOH + MOH — MOM + H,0
oxolation condensation (3)
MOH, + MOR —
M@OHM + ROH olation _ 4)

replaces the alkoxide groups with hydroxyl groups and
subsequent condensation reactions involving the hy-
droxyl groups produce M-0O-M or M(u-OH)M bonds
in addition to other byproducts such as water or
alcohol.12:22

In this manner, inorganic polymers are constructed
progressively, resulting ultimately (often after heating)
in metal oxides. The advantages of sol-gel processing
over conventional ceramic processing methods include
the ability to make special shapes derived from the sol
or the gel state (such as monoliths, films, fibers, and
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monosized powders) combined with compositional and
microstructural control and low processing tempera-
tures. The mechanistic aspects of these reactions are
quite well understood for M = Si, but there is now
substantial interest in the preparation of non-silicate
metal oxides by this method as a result of their
interesting physical and chemical properties.!?*%* How-
ever, while the principles of these hydrolysis and
condensation reactions are similar for the non-silicon
systems, the kinetic and thermodynamic aspects are
substantially different.?> Other metals are more elec-
tropositive than silicon and generally exhibit a variety
of coordination numbers and geometries leading to
oligomerization unless special precautions are taken.
The rapidity of the hydrolysis step has resulted in a
paucity of data on the intermediates in the hydrolysis
and condensation reactions of metal alkoxides. How-
ever, with careful studies in mononuclear systems, a
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mechanistic understanding is gradually being derived.
This literature has been reviewed extensively and only
the relevant chemistry of monometallic metal-organic
systems will be discussed here.

The goal of this article is to review the reaction
chemistry occurring in solution routes to multicom-
ponent metal oxides (i.e. containing two or more metals)
from metal-organic precursors. In this context, the
metal-organic precursor is usually a metal alkoxide,
metal 3-diketonate or metal carboxylate compound.
In the preparation of multicomponent metal oxide
compounds, a number of key issues should be addressed
which relate to the structure, properties, and perfor-
mance of the final ceramic material. These issues
pertain to control over the stoichiometry, homogeneity,
phase, and crystallinity, which relate directly to the
structure and reactivity of the metal-organic precursors
in homogeneous solutions and their fate in subsequent
processing steps. Control over these properties are often
crucial to the performance of “advanced” mixed metal
oxide materials such as optoelectronic ceramics. Fur-
thermore, the necessity for control over these properties
is likely to increase as applications become more
demanding. The possible dependence of stoichiometry
and homogeneity on the structure and reactivity of the
precursor solution isillustrated schematically in Figure
1. Addition of two different metal-organic reagents,
AX, (closed spheres) and BY,, (open spheres), in
equimolar ratios to a solvent can result in a number of
different possibilities (assuming they dissolve!): (i) they
may not react, (ii) they may react, especially with the
addition of water, to form a single molecular species
such as ABX, Y, (shaded spheres), or (iii) a mixture of
molecular species with different metal atom stoichio-
metries may be formed. Films or powders formed from
this solution are likely to be quite different for each
scenario. For i and ii, molecular level homogeneity is
likely, but for iii regional inhomogeneity is possible,
even though the overall stoichiometry is correct. Sub-
sequent processing, usually thermal, results in forma-
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Figure 1. Dependence of stoichiometry and homogeneity of
mixed metal oxides on the precursor solution.

tion of the corresponding ABO, phase. Clearly, it is
important to ask the question, what effect do the
possibilities i-iii have on the properties of the final
ceramic? Presently, we propose that method ii is likely
to be most valuable since the molecular level homo-
geneity proposed in route i is not likely to be achieved
due to the different reactivities of the individual
precursors toward themselves (i.e. hydrolysis to form
different sized clusters). Perhaps a more important
question is does it matter? Whatever the outcome it
seems reasonable to suppose that the development of
an understanding of the control over homogeneity and
stoichiometry at the molecular level would be a useful
attribute and might for example lead to low crystal-
lization temperatures by circumventing diffusion-
limited crystallization processes. A more suitable
question relates to the polymorphism in crystalline
metal oxide phases formed from metal-organic pre-
cursors. Where two crystalline polymorphs exist with
identical stoichiometry but different metal ion coor-
dination number or geometry, is it possible to control
which phase is formed as a function of some property
of the precursor? For example, the metal atom coor-
dination environment in the precursor might influence
the final structure formed.

Perovskite-phase multicomponent mixed-metal ox-
- ides have been chosen as the material to which these
questions are addressed in this review. The rationale
for the choice of these materials is that they exhibit a
large variety of interesting chemical and physical
properties; they have been studied in some detail and
they are polymorphic, exhibiting a facile phase trans-
formation to an alternate structure with identical
stoichiometry (pyrochlore).? However, itis noteworthy
that a change in stoichiometry may be necessary to
cause a crystalline phase transformation.

The discussion is organized in the following manner.
The relevant properties of perovskite-phase materials
are reviewed and the requirements for the materials
produced from metal-organic precursors are identified.
The synthesis of perovskite-phase materials is reviewed
with specific attention on those reports where mech-
anisticinsightis presented. Recentadvancesinrelevant
structural and reaction chemistry of metal-organic
precursors necessary to interpret these observations is
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Figure 2. Structure of ABOs, emphasizing the coordination
number of the A cation at the body center.

then presented, and finally, conclusions are drawn and
directions for future work are discussed.

2. Perovskite-Phase Mixed-Metal Oxides

2.1. Introduction

Perovskite-phase mixed-metal oxide ceramics are
interesting materials due to changes in their physical
properties on application of an external electrical
stimulus. These properties include ferroelectric, py-
roelectric, piezoelectric, and dielectric behavior and
have led to numerous applications in electromechanic
transducers,?” light modulation,?® charge storage,?
nonvolatile memory applications,?” and infrared de-
tection. Sincethese physical properties generally arise
from the crystal chemistry of these materials, the
formation of pure, stoichiometric, homogeneous, crys-
talline metal oxide materials with controlled crystalline
size is crucial. In this section the crystal chemistry,
properties, and potential applications of these materials
are briefly reviewed.

2.2. Crystal Chemistry of Perovskite-Phase
Metal Oxides

The perovskite structure is known for a range of
compounds which include metal oxides, some complex
metal halides, and a few metal carbides and nitrides.?
The later three groups are not included in this review.
The class of metal oxides, with the empirical formula
ABOQ;, derives its name from the rare mineral, CaTiOs,
commonly called perovskite. The structure of this
mineral was first thought to be cubic and although it
was later found to be orthorhombic, the name perovskite
has been retained for this structure type. The truly
cubic form of this material is referred to as “ideal
perovskite”, and has a unit cell edge of ~4 A containing
one ABO; unit. Few perovskite materials have this
structure at room temperature, but many assume this
structure at higher temperatures.?

In the perovskite structure the A cationis coordinated
to 12 oxygen ions to form a cuboctahedral coordination
environment while the B cation is coordinated to six
oxygen ions in an octahedral array. Thus the A cation
is normally larger than the B cation. The simple cubic
structure emphasizing the coordination environment
about the A cationis shown in Figure 2. Inan alternate
representation, the coordination environment about the
B cation is emphasized in Figure 3. The oxygen ions
form octahedra around the smaller B cation and it is
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Figure 3. Structure of ABO; emphasizing the octahedral
environment of the B cation.
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Figure 4. Schematic representation of the distortion of the

unit cell of the cubic ideal perovskite structure with BaTiO;
transition temperatures.

the corner shading of these octahedra which leads to
the cubic structure with the large A cation situated in
the interstices of the octahedral frame works. Inorder
for there to be contact between the A, B, and O ions,
R4 + Ro should equal 2'/2(Rg + Rg), where Ry, R, and
Roaretheionicradii. Goldschmit® defined a tolerance
factor, t, to define the limits of stability of the perovskite
structure: t = (Rs+ Ro)/2V/%(Rg+ Ro). The perovskite
phase is stable within the range 0.75 <t < 1.0 with ¢
lying between 0.8 and 0.9 in most cases, and below this
limit the stable structures are ilmenite and corundum.3!
The necessity for octahedral coordination of the B cation
sets a lower limit of 0.51 A to the ionic radius of this
ion in oxide systems. The calculated minimum ionic
radius of the A cation derived from the smallest B ion
is 0.9 A. Other ABO; structure types exist, including
corundum and ilmenite, where the A and B cations are
of similar size and both prefer to adopt a coordination
number of six.3!

In an alternate approach,? the structure adopted by
perovskite-phase materials has been analyzed in terms
of their coordination polyhedra. This analysis shows
that the occurrence of ferroelectric behavior in a
perovskite-phase material with empirical formula ABO;
requires that the ratio of the volume of the oxide ion
cuboctahedron about A to the volume of the oxide ion
octahedron about B be five. There is also a minimum
B-ion octahedral volume associated with ferroelectric
behavior.

Distortion from the ideal ABO; cubic symmetry is
common at room temperature, and structures with
tetragonal, orthorhombic, rhombohedral, monoclinic,
and triclinic symmetry are known. Some of these
distortions of the unit cell and their relationships are
shown in Figure 4. Many examples of orthorhombic
and rhombohedral structures have been reported, but
there are fewer reports of triclinic, monoclinic, and
tetragonal systems, although the common phases Ba-
TiOs; and lead zirconate titanate (PZT) can exist as
tetragonal phases. These distortions are readily ob-
served by diffraction techniques, where lowering of the
symmetry of the unit cell is manifest in the appearance
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Figure 5. Effect of heat treatment temperature on the room

temperature X-ray diffraction spectra for coprecipitated PZT
(53:47) powder.32

of additional peaks. For example, Figure 5 shows the
temperature dependent X-ray powder diffraction data
for PZT, PbZr; 5:Ti0.4703, formed via a coprecipitation
technique.?? Formation of crystalline pseudocubic
perovskite-phase PbZr; 53T, 4705 is observed between
450 and 800 °C. At 900 °C and above, the splitting
observed in some of the peaks reveals the presence of
a tetragonal distortion.

The chemical composition of these perovskite-phase
materials can vary depending on the valency of the
cations and includes the following combinations,
AYB5+0,3, A2*B4+0; to A3*B%0,.2° In addition, the
substitution of A and B cations with A’ and B’ cations
of the same valency can be used to form nonintegral
stoichiometry species such as (A:A’1.,)(B,B’1,)0;,
which also have interesting properties. This produces
a wide range of compounds with the perovskite struc-
ture. Inthe A*B5+Q;system, the niobates are the most
widely known, and KNbO; and NaNbO; have been
studied extensively. Sodium and potassium tantalates
are also known to have the perovskite structure.

Some of the best known perovskite-phase mixed-
metal oxide compounds have the formula AZ*B+0s;,
This is due to the interesting physical properties of
certain members of this class, especially PbTiO; and
BaTiOs;. As mentioned previously, CaTiO; has an
orthorhombicstructure, but SrTiO;is truly cubic while
the atomic displacements from idealized lattice sites in
PbTiO; and BaTiOs; result in their ferroelectric prop-
erties. Both PbTiO;and BaTiO;become cubicat higher
temperatures, PbTiO; changes from tetragonal to cubic
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at 490 °C while BaTiO; undergoes three transforma-
tions: rhombohedral to orthorhombic at -90 °C,
orthorhombic to tetragonal at 0 °C, and tetragonal to
cubic at 130 °C, as shown in Figure 4.

The last group of oxides with the formula A3*B3+0,
is usually found for the rare earth derivatives. None
of these compounds have the ideal perovskite structure,
but some of the rhombohedral perovskites are only
slightly distorted from the ideal cubic perovskite
structure. Complex oxides with the perovskite phase
can be produced with substitutions occurring for either
the A atom, the B atom, or both. For example, oxides
With the formulations A2+(B3+0,67B’6+0,33)03, A (B2+0,33-
B’5*,67)O03, A2 (B3* sB'5*5) O3, A2 (B ;B6%5) 03, A2+-
(B 5B"*05)03, A3*(B%*,;B’4*,5)0; have been pre-
pared? and many others involving A and B substitution
are known. The ordering of the different B atoms in
these substituted materials depends on the size and
charge of the B ions themselves. Galasso has postulated
that ordering of the B ions is likelyWhen there is a large
difference in the size or ionic radii of the B atoms.2® If
the B and B’ atoms occupy the same set of atomic
positions but in a regular way, this is called a super-
structure. If the arrangement of the atoms is random
then this is termed a solid solution.

2.3. Properties of Perovskite-Phase Materlals

Perovskite-phase metal oxides exhibit a variety of
interesting physical properties which include ferro-
electric, dielectric, pyroelectric, and piezoelectric be-
havior. These properties are defined as follows.33-37
Linear dielectric materials exhibit linear polarization
behavior as a function of applied field.2* Ferroelectric
ceramics are a group of electronic materials consisting
of dielectrics with a permanent electric dipole which
can be oriented by the application of an electric field.
Pyroelectric materials exhibit a spontaneous polariza-
tion, but the direction of the polarization cannot be
reversed on application of an electric field. Piezoelectric
materials exhibit an electrical charge when mechanically
stressed or undergo mechanical deformation on the
application of an electric field. These properties arise
from the crystal symmetry adopted by these materials
and its relationship to the symmetry of its physical
properties. The equilibrium properties of a material
can be described in tensor notation and can be
transformed by symmetry operations. Neumann’s
principle states that the symmetry elements of any
physical property of a crystalline material must include
all the symmetry elements of the point group of the
crystal. The physical properties may, and often do,
possess more symmetry elements than the point group.
Asaresultitis possible to predict the physical properties
of a crystalline material based on crystal symmetry.
The seven crystal systems (cubic, hexagonal, trigonal,
tetragonal, orthorhombic, monoclinic, and triclinic) are
comprised of 32 crystal classes according to their point
group symmetry. Of the 32 crystal classes, 20 are
piezoelectric (see TableI) and 10 of these (1, 2, m, 2mm,
4, 4mm, 3, 3m, 6, and 6mm or C,, Cy, C1s, Cop, Cs, Cus,
C;, Cs,, Ce, and Cg,, respectively in the Schoenflies
notation) possess spontaneous electrical polarization
and are termed “polar”. The polar axis of the crystal
is a direction that is parallel to the spontaneous
polarization vector. The internal or external electrical
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Table I. Crystallographic Classes Allowing for
Piezoelectricity

crystallographic point crystallographic point

system group system group
triclinic 1 trigonal 3
monoclinic 2 32
m 3m
orthorhombic 222 hexagonal 6
mm2 6
tetragonal 4 622
4 6émm
4mm 6m2
42m cubic 23
43m

@ Barium

e Titanium
Oxygen

Figure 6. Diagrammatic representation of the distorted Ti
environment in tetragonal BaTiO;.

conduction generally cannot provide enough current
to compensate for the change in polarization with
temperature in a polar crystal. As a result, the crystal
develops an electric charge on its surface and therefore
polar crystals are pyroelectric. In an alternative view,
the pyroelectric coefficient (p;) relates electric polar-
ization (P;) with temperature change according to eq
5. Centrosymmetric crystals require that p; = 0 because

P,=pAT ®)

the property does not remain unchanged after appli-
cation of the symmetry operation (i.e. it is inverted)
and so violates Neumann’s principle. This is the only
value of p; that is consistent with a center of symmetry
and as a result, centrosymmetric groups are nonpyro-
electric.

Ferroelectric materials are a subgroup of polar
materials and therefore they are both pyroelectric and
piezoelectric.?33® Ferroelectric materials are generating
a great deal of current interest because their electric
dipole can bereoriented by the application of an electric
field. However, all of these materials lose their polar
properties above the Curie temperature, T, and the
nonpolar state above this temperature is called the
paraelectric phase. For example, barium titanate
changes from the tetragonal ferroelectric phase to the
paraelectric cubic phase at 130 °C, the Curie temper-
ature. In BaTiOj;, the spontaneous polarization (Pg) is
due to the distortion of the perovskite structure (e.g.
the tetragonal phase) by the displacement of the
titanium ions in one direction and some of the oxygen
ions in the opposite direction (Figure 6). The large Ba
cation “swells” the unit cell, leaving the smaller Ti cation
room to move inside the octahedral hole formed by the
oxygenions. Thestronginteraction between the Tiand
the displaced oxygen ion polarizes these unit cells and
builds linear chains of dipoles all aligned in the same
direction along the c-polar axis. The material is less
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Figure 7. Typical hysteretic behavior of electrical polar-
ization versus applied field for thin-film ferroelectric ceramics.

polarizable along the c-polar axis than in a perpendicular
direction such as the a-axis because this distortion in
the c-axis limits the mobility of the titanium and oxygen
ions in this direction.?® However, the atoms are free to
move in the a- and b-axis directions, which can polarize
the cell and hence produce a large dielectric constant.
Thus, below the Curie temperature the individual
titanium—-oxygen octahedra are polarized all the time
and this can produce areas where the dipoles are all
aligned in the same crystallographic direction. These
regions of homogeneous polarization are called domains
and the line between two domains is called a domain
wall or boundary. The size of these domains is variable
and they can be observed by the use of a microscope
with a polarized light source in some ferroelectrics. The
net polarization of a ferroelectric material is the vector
sum of the polarization of each individual domain. The
effect of applying an electric field across a ferroelectric
is to cause the individual dipoles to align with the field
and change the net polarization. There are several
mechanisms to explain this effect in polydomain
ferroelectrics:? (a) Domains which are oriented favor-
ably with the electric field may grow at the expense of
less favorably aligned domains, i.e., the domain walls
moveout. (b)Thedirection of the domain polarization
changes to align with the field. A plot of variation of
polarization with applied electric field is shown in Figure
7. Asthefield isincreased the polarization of the sample
increases to a maximum called the saturation polar-
ization, Pg,. As the magnitude of the applied field
decreases, the polarization decreases until, at zero field,
the material retains an amount of polarization called
the remanent polarization, Pg. In order to reduce the
polarization to zero, another field must be applied in
the reverse direction and this is the coercive field, E¢.
This characteristic hysteretic behavior is illustrated in
Figure 7.

The properties of ferroelectric materials change
significantly and show a maximum as the temperature
approaches T.. In the case of BaTiOj3, the dielectric
constant increases from 1000 to ~10 000 in the 10 K
interval below the T while above this temperature there
is a gradual decrease in the dielectric constant. The
main applications for BaTiO; are based around this
phase transition, especially applications as a dielectric.
The temperatures at which these phase transitions occur
can be modified by the partial substitution of other
metal oxides into BaTiO;to give solid solutions.* These
substitutions by dopants change the cell dimensions
and hence the temperatures at which the phase changes
occur. This is shown in Figure 11.
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Table II. Perovskite-Phase Metal Oxides: Their
Properties and Applications

materials properties applications
BaTiO3 dielectric capacitors, sensors
(Ba,Sr)TiO; pyroelectric pyrodetector
PbTiO; pyroelectric pyrodetector
piezoelectric acoustic transducer
Pb(Zr, Ti)0; dielectric nonvolatile memory

pyroelectric pyrodetector
piezoelectric surface acoustic wave device
substrate
electro-optic wave guide device
(Pb,La)(Zr,T)O; pyroelectric pyrodetector
electro-optic wave guide device
optical memory
display

LiNbO3 piezoelectric pyrodetector

surface acoustic wave device
(LiNbO3/Ti) electro-optic wave guide device

second harmonic generation

optical modulator
K(Ta,Nb)0O, pyrpelectric pyrodetector

electro-optic wave guide device
frequency doubler
memory
capacitor

Pb(Mg1/3Nb2/3)03 dielectric

Not all perovskite-phase metal oxides of this type
exhibit ferroelectric properties. For example, CaTiO3
and SrTiO; exhibit simple linear dielectric behavior;
they possess high dielectric strength and have low
dielectricloss. Inaddition, other non-perovskite-phase
metal oxides can exhibit these properties; for example,
tungsten bronzes exhibit ferroelectric behavior.

Perovskite-type oxides exhibit a number of inter-
esting chemical properties including catalytic activity
and oxygen-transport phenomena. Their catalytic
activity includes CO oxidation, oxidation of hydrocar-
bons, NO reduction, hydrogenation and hydrogenolysis
of hydrocarbons, CO and CO, hydrogenation, SO,
reduction, and various electro- and photocatalytic
reactions.*’ There is a variety of dense perovskite-
phase mixed-metal oxides which are capable of high
oxygen transport fluxes at elevated temperatures (7>
600 °C).4248 [n fact, at high temperatures, the oxygen
permeability of some of these materials exceeds that of
porous membranes. Among the perovskite-type oxides
that have been used for oxygen transport are La;_.-
Sr,.MnOs_;, La;_,Sr,Co;_,Fe, 035, LiNbO3, SrCeQs, and
SrTiO:;. Membranes made from these materials are
dense, and as a result, their separation selectivity for
oxygen is perfect. The oxygen-transport mechanism
for these materials involves oxidation and reduction of
0O, at the membrane surface, with diffusion of oxide
ions and electrons through the dense ceramic matrix,
driven by an oxygen potential difference across the
membrane. Both electronic and ionic conduction are
necessary to allow continuous operation of the mem-
brane without polarization, which will eventually curtail
the transport. Their stability and high oxygen flux
potential at high temperature provides considerable
potential for application in high temperature mem-
brane reactor applications, such as oxidation reactions.

2.4. Applications of Perovskite-Phase Materials

The properties and applications of a number of
important perovskite-phase mixed-metal oxides are
listed in Table II. The uses for these materials are
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Metal Terminations

Electrodes

Figure 8. Cross section of a multilayer ceramic capacitor.
The electrodes are connected to the metal terminations at
theends in an alternate fashion, so all the layers are in parallel.
The capacitor can be mounted as shown and does not require
leads. The thickness of the ceramic layers is ~ 15 um and the
overall dimensions of the capacitor can be as low as 1 mm X
0.5 mm X 0.5 mm.#

%

,/—'}l Camn:
%////////////A e Interrogation
L VI Copcitor

Ferroelectri
Film

Substrate

Substrate

Lateral Configuration Vertical Configuration

Figure 9. Designs for memory devices which utilize ferro-
electric materials.

based on their dielectric, ferroelectric, piezoelectric, and
pyroelectric properties. All ferroelectric materials are
both pyroelectric and piezoelectric and they have
additional uses based on these properties.

The applications for ferroelectric materials utilize
their ability to have their polarization reversed
(switched) for memories as well as their nonswitching
uses and high dielectric constant at or near Tc.*? The
drive for size reduction in electronic components has
lead to the development of ceramic capacitors, especially
the multilayer ceramic capacitor (MLCC), using ceramic
dielectric materials with the highest permittivity values
and multilayer configurations to fulfill the need for
increased capacitance and reduced size.** A cross
section of a MLC capacitor is shown in Figure 8, which
illustrates the composite assembly of these structures.
If the MLC capacitor has x dielectric layers then its
capacity should be equivalent to x disk capacitors linked
in parallel comprised of the same dielectric material,
with the same thickness (down to 10 um) and surface
area of the electrodes.3?

Another area whichis attracting agood deal of interest
is the use of ferroelectric thin films as nonvolatile
computer memories.?” Current static and dynamic
memory chips lose the data they contain when the power
to the memory is interrupted and the information leaks
off. Magnetic storage facilities provide one answer to
this problem, but the desire for fast, light-weight
memories with low power consumption being integrated
into silicon chips remains for some applications. These
materials are also unaffected by radiation and magnetic
fields which destroy the data stored on a standard
memory chip. Two designs for a nonvolatile memory
are shown in Figure 9. One of the key features of these
designs is the nondestructive readout method, which
has been a general problem for these types of memory
devices. To read the memory cell, it must be poled,
which erases the information the cell contained. This
drawback can be overcome by designing a system to
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Figure 10. Schematic representation of an erasable read/
write optical storage device based on a ferroelectric material.

rewrite the information back into the memory once the
cell has been read.

Another application which is under investigation is
the use of ferroelectric materials as electro-optic
switching devices for optical computers.?’4* This is
based on the ability of the ferroelectric to change its
refractive index under an applied field. The response
of the material for the electro-optic application is
influenced by many factors such as film thickness,
wavelength of the light, and the properties of the
electrodes. Another application for thin films could be
as a read/write optical storage device. In this case the
material such as lead lanthanum zirconate titanate
(PLZT) is switched between the ferroelectric state and
the antiferroelectric state by application of a light beam
while the film is under an applied field. The signal-
to-noise ratio, which is typically poor for thin films, has
been significantly improved in thin PZT films (~0.5
pm) under conditions that optimize interference effects.
A schematic diagram of a proposed erasable optical
read/write disk is shown in Figure 10. This type of
optical storage device is unaffected by magnetic fields
and would be the optical equivalent of the magnetic
hard disks in computers.*$47- Further applications of
“smart” materials, especially electroceramics which have
performance abilities other than those described here,
such as sensing and actuating, have been reviewed
recently.*

For the successful integration of these ceramics into
silicon-based devices, the.problems of high crystalli-
zation temperatures (>400 °C) and kinetically slow
crystallization must be overcome. Low crystallization
temperatures are required to prevent the degradation
of the underlying materials (especially aluminum) in
the device structure. To achieve this goal a great deal
of research has been carried out using the sol-gel process
to deposit thin films at low temperatures via metal-
organic precursors. (Seesection3.) By thisroute, thin
films can be spin-coated onto a silicon wafer and fired
to give the crystalline ceramic material. It is worth
noting that in conventional ceramic syntheses, tem-
peratures of >900 °C (often >1200 °C) are needed to
produce crystalline materials.



1212 Chemical Reviews, 1993, Vol. 93, No. 3

2.5. Control of the Physical Properties

The different physical properties related to the phase
transitions are sensitive to chemical composition, purity,
number of surface and bulk defects, grain size, and
sintering conditions.®® The need to control these
parameters is critical for the quality control of the
devices produced from these materials. For example,
the loss of Pb from lead titanate precursors during
thermal processing is common due to the high volatility
of PbO. This can be detrimental as any deviation from
the correct stoichiometry will introduce TiO; as an
impurity (or lead to Pb vacancies) and will be detri-
mental to the ferroelectric properties of the product.
Studies have been conducted on the effect of the
crystallite size on the crystalline structure adopted by
BaTiO; at the surface and in the bulk.4’ At the surface
of the crystallite, BaTiOj3 is cubic and is only tetragonal
in the bulk with the two phases separated by a transition
zone. As the crystallite size decreases below a few
micrometers, the proportion of the crystal influenced
by the surface effect increases and any undistorted
tetragonal phase disappears. Thus, if the crystallite is
small enough, then the ferroelectric state fades and is
replaced by a pseudocubic, super-paraelectric state.®

The physical properties of these materials are often
tailored through formation of nonintegral stoichiometry
phases or solid solutions. The reasons for producing
these materials are to tailor the properties for the
particular application. For many applications, BaTiO;
is not useful in its pure form because the high
permittivity values are limited to a narrow temperature
range near the Curie point at 130 °C, which is outside
the temperature range for electronic applications. For
capacitor applications, the goal of forming solid solu-
tions with BaTiO; is to lower the T¢ to room temper-
ature and to broaden the temperature range over which
the permittivity is high. To achieve this, partial
substitution of Ca for Ba and Zr or Sn for Ti is used
to give formulations of the type Ba,_,Ca,Ti.,Zr,0;. A
systematic study of the effect of isovalent substitutions
on the transition temperatures of BaTiO; has been
carried out and is shown in Figure 11.9 By utilizing
these substitutions the three phase transitions which
exist in pure BaTiO; can be moved into a narrow band
around room temperature to give a high permittivity
under these conditions.

2.8. General Routes to Perovskite-Phase
Materlals

2.6.1. Introduction

The common means of processing ferroelectric ma-
terials is by traditional powder processing methods.
This is because for capacitor applications the use of
powders is desirable since the powder can be cast as a
tape or a slurry and processed to the final multilayer
ordisk capacitor.?? The methods for producing powders
are reviewed in section 3.1. The traditional methods
for producing ceramics have been based on powder
techniques and it is still the preferred method in
industry today. The ease by which powder methods
can be used on an industrial scale and primarily the
low costs associated with the use of inorganic precursors
such as BaCO; and TiO; are two of the main attractions
for this route. In some cases the prefiring of the
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Figure 11. Theeffect of isovalent substitutions on the phase
transitions of BaTiOs.

precursors to form powders is desirable when the
properties of the precursors themselves are not useful.
For example the particle size distribution or rheological
properties may be poor, so firing and grinding the
ceramic may be necessary. Powders can be shaped into
green bodies which are then sintered to give the final
product. The temperature required for sintering the
green body depends not only on the material but also
on the crystallite and particle size of the powder. The
smaller the particle and crystallite size, the lower the
temperature required because the increased surface
forces cause the particles to flow together at lower
temperatures. This has been one of the driving forces
behind the formation of nanoscale particles in which
the sintering temperatures will be greatly reduced. The
formation of the nanoscale particles of the final ceramic
powders has the advantage that side reactions can be
avoided compared to nanoscale mixing of the reactants.
For example, the inorganic precursors, BaO and
Ba(OH); can react with atmospheric CO, to produce
the impurity BaCOj;, but BaTiOj; is unreactive toward
CO; under ambient conditions. The amount of water
absorbed onto the ceramic powder is also limited, as is
the amount of shrinkage the green body undergoes
during sintering.

2.6.2. Solution Routes

For some applications, especially the preparation of
thin films, liquid-phase processing is one of the most
convenient methods of preparation.®! This method also
has the potential advantages of (a) allowing control
over the stoichiometry of the metals, (b) producing fully
dense materials at temperatures hundreds of degrees
lower than those required for powder compaction, (c)
producing homogenous materials, (d) allowing forma-
tion of complex shapes, and (e) allowing preparation of
composite materials. However, there are several dis-
advantages to this process: (a) the high cost of the
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precursors, (b) the large shrinkage during processing,
(c) the presence of fine pores, (d) the retention of
hydroxyl groups, (e) the presence of carbon as an
impurity, and (f) the possibility of long processing times.
Thus, it appears that solution routes will only replace
conventional techniques if they can produce materials
which are superior or are only available through this
method.

2.6.3. Vapor-Phase Routes

Due to the high cost of the chemical vapor deposition
reactors and the shortage of suitably volatile precursors
required to produce perovskite-phase ceramic material,
usually thin films, this method appears to be limited
to high-value-added products. The advantages of this
route include (a) the potential purity of the materials
produced, (b) the possibility of selective deposition,
and (c) the production of nanophase particles with a
narrow size distribution.

2.6.4. Hybrid Methods

A number of methods to prepare metal oxide powders
and films exist which are a hybrid of the vapor phase
and solution techniques. Spray pyrolysis is a method
that can be used to form either powders or films at high
rates and it requires only soluble metal-organic pre-
cursors. Aerosol-based methods rely on the formation
of submicron-sized droplets of soluble metal-organic
precursors in solution which can be processed in a
number of different ways. The solvent can evaporate
from the droplets to formsolid particles which thermally
decompose and form small metal oxide particles by
intraparticle reactions. Alternatively, the solvent and
the precursors can evaporate, if the precursors are
volatile, and chemical vapor deposition may occur,5253

3. Metal-Organic Routes to Perovskite-Phase
Materlals

3.1. Traditlonal Routes

Conventional routes to perovskite-phase ceramics are
based on solid-state reactions and often involve the use
of readily available starting materials. These reactions
generally involve mixing of powders, grinding, milling,
or firing and are generally followed by other grinding
and calcination steps. Perovskite-phase materials are
no exception, and the synthesis of BaTiO3, for example,
is achieved from barium carbonate (BaCOj3) and titania
(Ti0,).155¢ The synthesis has been studied extensively
and requires high-temperature processes (ca. 1050-1150
°C). The first step involves a reaction at the grain
interface (eq 6) to form BaTiO; with the liberation of

BaCO, + TiO, — BaTiO, + CO, 6)
CO;. Inthe bulk material, reactions are limited by the
diffusion of the barium cations in the titania matrix,

and the following reactions (eq 7 and 8) occur:

BaCO, + BaTiO, — Ba,Ti0, + CO, (D)
Ba,TiO, + TiO, — 2BaTi0, )

However, this route does not produce pure BaTiOs.
Ba,TiO,obtained from the reaction of barium carbonate
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and BaTiO; (eq 7) as well as other oxide phases
(BagTi;7040, BasTi;503) are present in the final material
and contribute to deleterious effects on the electrical
properties of the material. Moreover, as a result of
high-temperature synthesis, the powders obtained are
usually coarse and inhomogeneous. The use of readily
available materials (of “low purity”) and the necessity
of grinding or milling also contribute to the introduction
of impurities such as sulfur, phosphorus, silica, and
alumina that lower the overall performance of the
material. An alternative pathway could involve the
thermal decomposition of BaCO; to form BaO and
reaction of the latter with TiO,. Although this inter-
mediate is postulated during the calcination of a barium
carbonate-titania mixture under vacuum, no BaO was
detected.

An alternative approach is the so-called oxalate
process.”® This process is used industrially to obtain
BaTiO; powders in large quantities with precise stoi-
chiometry. The result of mixing BaCl,, TiCl,, water,
and oxalic acid is precipitation of BaTiO(C204)24H,0.
Crystalline pseudocubic BaTiO; is formed via thermal
decomposition and a number of different pathways have
been proposed. In one study the following pathway
(eqs 9-11) was proposed:5®

100-140°C  BaTiO(C,0,),4H,0 —
BaTiO(C,0,), + 4H,0 (9)

300-350 °C  BaTiO(C,0,),—~
!/,BaTi,0, + '/,BaCO, + 2CO + */,CO, (10)

600-700°C  '/,BaTi,0, + /,BaCO; —

BaTiO, + '/,CO, (11)

It should be noted that in this reaction scheme, the
bis(oxalate) species does not convert directly to BaTiO;
according to this study. In fact, the mechanism is
similar to the conventional process described earlier
where a mixed metal oxide of the wrong stoichiometry
is formed as an intermediate. As a result, doubts can
be raised about the “molecular mixing” using this
technique, but the size of the BaCO; and BaTi,O;
particles is small due to the low reaction temperature
and result in lowering the sintering temperatures for
BaTiO;. The resulting pseudocubic barium titanate
phase is converted to the tetragonal phase on additional
heat treatment.

In other studies, the thermal decomposition of bari-
um titanyl oxalate was proposed to proceed via differ-
ent intermediates according to the reactions of eqs
12-15.57-%¢ Tt has been proposed that the broad peaks
observed by X-ray powder diffraction after heating to
500 °C,% which some workers have been interpreted as
the formation of weakly crystalline intermediates such
as BaCO;, BaTi.0s, or TiO,, is not conclusive evidence
for their formation.%

This reaction has been the subject of a large number
of studies in the literature, and the phase purity and
crystallinity of the BaTiOs product has been shown to
depend subtly on the reaction conditions.6-85 The
controversy concerning the exact nature of the barium
titanyl oxalate intermediate®64-%6 was recently put to
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Figure 12. Solid state structure of BaTi(0)(C;0,):5H,0 as
determined by single-crystal X-ray diffraction.

Ba,Ti,(0),(C,0,), —~
Ba,Ti,(0),(C,0,)5(CO,) + CO (12)

Ba,Ti,(0);(CO,)(CO,) + 2CO, + 3CO (13)

Ba,Ti,(0),(CO,)(CO,) —
Ba,Ti,(0),(CO,) + CO, (14)

Ba,Tiy(0),(CO;) — 2BaTiO, + CO,  (15)

rest as the result of a single crystal X-ray diffraction
study of BaTi(0)(Cy04)25H,0 formed by the reaction
between barium nitrate and ammonium titanyl oxalate,
(NH,):Ti(0)(C204).CH:0.5® The solid-state structure
is best described by the formulaBa;Ti3(0)2(C204)410-
H,0 and is polymeric. A portion of the structure is
shown in Figure 12 and consists of 6-coordinate Ti
centers where [Ti(0)(Cy04):1& form 8-membered rings
while the Ba atom is 10-coordinate, including seven of
the 10 water molecules. The remaining three water-
molecules were found in interstitial sites in the structure
and are not closely associated with either the Ba or Ti
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centers. This probably resultsin a differenceinstrength
of coordination of the water molecules, which has led
to ambiguity in the interpretation of the TGA data of
this material in the past.

A similar approach, the Pechini or citrate process,’
patented in 1967, involves the thermal decomposition
of a 1:1 mixed crystalline Ba-Ti tris(citrate)-water
adduct (BaTi(CsHgO7)32xH20)888 to give tetragonal
BaTiO; at 800 °C. The barium titanium citrate is
obtained by mixing titanium and barium citrate solu-
tions and adjusting the pH to <2.6 to precipitate the
1:1 Ba:Ti adduct. At higher pH, 23.6, a 2:1 Ba:Ti salt
(BazTi(CGH507)2(CGH307)'7H20) was obtained.”® It
should be noted that these results were independent of
the initial barium to titanium ratio (1:1t0 3:2). Thermal
decomposition of BaTi(C¢HgO7)3-xH,0 has been stud-
ied™ (eqs 16-22), and above 360 °C (eq 20), the presence

20-200 °C BaTi(C,H,0,),:6H,0 —
BaTi(C.H,0,); + 6H,0 (16)
200-210°C  BaTi(C,H,0,), —
BaTi(C,H,0,); + SH,0 (17)
210-250°C  BaTi(C,H,0;); —
BaTi(C,H,0,); + 3CO, (18)
250-360 °C  BaTi(C,H,0,); —
TiO,Ba(C,H,0,) + 2C;H,0, (19)
360 °C C;H,0, + 0,— 5CO, + 2H,0  (20)
360-600°C  BaTi(C,H,0,), —
BaCO, + CO, + H,0 + Ti0, (21)
>500 °C (BaCO,),(Ti0,), —

BaTiO, + CO, (22)

of small BaCOj; crystallites (150 A) was observed by
X-ray powder diffraction. The small size of barium
carbonate and titanium dioxide particles resulted in a
sintering temperature lower than that of traditional
routes (typically <800 °C), but the process does not
offer perfect homogeneity until completion of the
reaction. This process has been applied to a variety of
mixed metal oxides (Mg, Ca, Sr, Ba, Pb, Zn, Cd, La,
rare earths, Ga, Ti, Zr, Sn, Nb, Ta, Mo, W, Bi, Sb) and
gives good control over the stoichiometry of the final
materials.® However, disadvantages of this method
include its high weight loss (low ceramic yield) and
agglomeration during calcination. A variety of other
organic reagents have been used in similar processes
including tartaric acid and catechol, often to form
analogous intermediates such as Ba(Ti(catecholate)s)-
3H20.71—73

Similar reactions for the preparation of lead-con-
taining mixed-metal oxides are more difficult to achieve
duetothe volatility of PbO. Very often Pbisintroduced
in excess or the reaction is carried out under an
atmosphere of lead oxide.??
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3.2. Metal Alkoxide Based Routes

The synthetic approach to perovskite-phase metal
oxides using metal alkoxide compounds generally
involves the hydrolysis of solutions containing mixtures
of metal alkoxide compounds to form sols or gels or to
coprecipitate the metal oxides or hydrous metal oxides.
Hydrolysis is then followed by a thermal treatment to
remove the remaining hydroxyl groups and crystallize
the final material.

Reaction of Ba(OCH,;CH,OCHj3); and Ti(O-
CH,CH,0CH,), in the parent alcohol, 2-methoxyeth-
anol, led to a white powder of the general formula
BaTi(OCH,CH,OCH;)s™ after removal of the solvent,
as confirmed by elemental analysis and NMR spec-
troscopy. Hydrolysis of this material with 1 equiv of
water per alkoxide ligand gave the oxo species
Ba4Ti130IS(OCHZCH200H3)24 (see Figure 37) This
change in stoichiometry is believed to occur in the early
stage of the sol-gel process. However, addition of an
excess of water to a solution of BaTi(OCH,CH.OCHj)s
afforded perouvskite-phase powders of BaTiO; at a
temperature as low as 400 °C. So, although the
stoichiometry may not be retained during the hydrolysis
of the 1:1 mixed barium titanium alkoxide complex,
the desired material was obtained at low temperature.
The same precursors led to the formation of thin films
at 600-700 °C.” Crystalline barium carbonate could
be detected at 550 °C but was absent above 650 °C.
The hydrolysis of barium and titanium isopropoxides
in a CO,-free atmosphere was proposed to result in
formation of a water adduct of BaTiO; which on
dehydration at 50 °C for 12 h resulted in formation of
crystalline material.’®-® This material has also been
crystallized on thermal treatment at 100 °C.7

Lithium niobate has been prepared from the reaction
of lithium and niobium ethoxide compounds in ethanol
via formation of LiNb(OEt)s, followed by hydrolysis
and thermal treatment.®%8! LiNbO;doped with Tiand
K(Tao65Nbg.35)0; thin films were also obtained at low
temperatures (550 and 675 °C, respectively) starting
from individual metal ethoxide complexes.®? The
species Ta(OEt); and Nb(OEt); were mixed in ethanol
in the appropriate ratio. Then astoichiometricamount
of KOEt was then added and the solution was refluxed
for 24 h. After partial hydrolysis, *C{{H} NMR
spectroscopy revealed the disappearance of the peaks
corresponding to alkoxide ligands which indicated a
condensation—polymerization process. These obser-
vations were confirmed by FT-IR spectroscopy.

The reaction of Pb(ORY),, Mg(OR?),, and Nb(OR?);
(Rl, R3 = CsH7 or C4H9, R2= CzH4OCH3 or CZH40C2H5)
in a 3:1:2 ratio in a mixture of the parent alcohols
afforded clear sols that could be coated on different
substrates and dried at 150 °C.8%#¢ Firing in air at 600—
800 °C gave perovskite-phase Pb(Mg;3Nb./3) O3 (PMN)
thin films (pyrochlore free). The kinetically favored
pyrochlore phase formed at 200-300 °C was slowly
converted to the perovskite-phase PMN at higher
temperature. No attempt was made to characterize
the intermediate species. Under these conditions a
number of different reactions can occur. It is likely
that alkoxide ligand redistribution, which is known to
be rapid at room temperature, occurs in the first step
(see section 4.6). Furthermore, it has been demon-
strated that, unless special precautions are taken,
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Figure 13. Schematic representation of the structure pro-
posed for Mg[Nb(O-i-Pr)¢l,.

lead(IT) alkoxide compounds react to form oxc—alkoxide
species.®588 In related chemistry, Hubert-Pfalzgraf et
al.8” have demonstrated the formation of PbgO,-
(OEt)4[Nb(OEt)s]4 from the reaction of Pbh¢O4(OEt),
and [Nb(OEt);];. Furthermore, the reaction of Mg(O-
i-Pr); and [Nb(O-i-Pr);]:led to a mixed metal alkoxide
Mg[Nb(O-i-Pr)¢]; as determined by elemental analysis.
The structure shown in Figure 13 was proposed for this
species on the basis of the analogy with Ca and Sr
niobium isopropoxide complexes for which molecular
weights were determined in solution and the reasonable
assumption that magnesium(II) prefers a coordination
number of four.®® It is noteworthy that the similar
species MgNbs(OAc)2(0-i-Pr),, was found to exhibit a
different structure in solution as shown in Figure 60
with a six-coordinate magnesium(II) center.?? Trans-
lucent gels were obtained from further reaction of
Mg[Nb(OEt)]. with the appropriate amount of lead
alkoxide in ethanol and hydrolysis with a 5-fold excess
of water.?® After removal of the solvent, the solid-state
reaction is believed to proceed according to equations
23-25, as determined by X-ray diffraction data. The

200-700 °C B-deficient pyrochlore
Pb,(Nb, 3,Mg,)0; 33,
0<x<0.66 (23)
715 °C pure PMN perovskite
Pb(Mg, ;;Nb, )0, (24)
>100°C A-deficient pyrochlore

such as Pb, ¢,(Nb, ;; Mg, ,0)O0¢ 55 (25)

B-deficient pyrochlore phase (deficient in B cation)
proposed in eq 23 was inconsistent with the Pb g3-
(Nb1.71Mgo.29)06.30 phase proposed previously.® The
lead-deficient pyrochlore phase (equation 25) is thought
to be derived from the loss of PbO.

The superconducting mixed-metal oxide YBa;Cu30-_;
can also be obtained at relatively low temperatures from
metal alkoxide complexes.??% Most reactions of this
type led to the formation of BaCOj;, Y503, and CuO as
intermediates, and have few advantages over con-
ventional solid-state syntheses. However, the smaller
particle size and better mixing of the different com-
ponents results in a lowering of the firing temperature
to 800 °C.?® The thermal stability of BaCOj; precludes
any further reduction in crystallization temperature.1%®
Calcination of thin films under argon atmosphere!®
shows the presence of traces of BaCQO; at 550 °C by
X-ray diffraction. At temperatures higher than 600
°C, crystallization of the superconducting phase occurs
and no other crystalline phases were detected. These
observations led the authors to postulate that the
carbonate must be introduced into the film after
calcination.
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3.3. Metal Carboxylate and Metal
Alkoxide Based Routes

Substitution of one or more of the alkoxide ligands
on one or more of the metals by a carboxylate func-
tionality has also been widely used as a method of
formation of perovskite-phase materials. For example,
the synthesis of PbTiO; (PT) or Pb(Zro53T19.47) O3 (PZT)
can be achieved via the reaction of lead acetate with
titanium and zirconium alkoxides. In a typical exper-
iment, lead acetate trihydrate is dissolved in acetic acid
and Ti(O-i-Pr)4, Zr(OR)4 (R =i-Pr, n-Bu), or a mixture
of titanium and zirconium precursors is added. The
solutionis stirred before adding at least a stoichiometric
amount of water. The resulting sols or gels can then
be cast into films, or powders can be obtained by removal
of the volatile components. Thermal treatment to
remove the residual organic ligands (300-500 °C) and
a calcination step (600 °C for 6 h) is necessary to
condense the remaining hydroxyl groups and crystallize
the material. Many variations of the theme have been
reported.’°102 However, in this section, we shall not
try to make an exhaustive list of these different
variations but shall focus on those where intermediates
have been identified or at least postulated.

Schwartz and co-workers have recently reported that
the electrical properties of PZT thin films are very
dependent upon the synthetic scheme and reagents.1031%
Unfortunately, as with many studies, a number of
variables were changed between experiments, so the
origin of different effectsisnot clear. The twosynthetic
approaches employed were “sequential precursor ad-
dition” (SPA) and “inverted mixing order” (IMO). The
SPA method involved the dissolution of lead(II) acetate
in acetic acid followed by dehydration, addition of Ti
and Zr alkoxides, and addition of water and methanol.
The IMO method involved mixing Ti and Zr alkoxide
precursors, reaction with acetic acid, addition of meth-
anol, and addition of Pb®™(0Ac), in acetic acid followed
by addition of water and methanol. Evidence for the
formation of esters in the final solution was obtained
by 'H and 3C{'H} NMR spectroscopy. Solid-state CP/
MAS BC NMR of the dried SPA product under vacuum
indicated that acetate ligands were the major species
present, consistent with formation of oxo-acetate rather
than alkoxide containing species such as oxo-alkoxide
or oxo—acetato alkoxide polymers. It was also proposed
that, on the basis of the amount of ester formed, more
water was liberated in the SPA method compared to
the IMO method. However, ester may also be formed
without liberation of water via the reaction between
metal alkoxide and metal acetate species (see eq 44).
For both methods, removal of the acetate ligands was
achieved on heating to 300 °C, and crystallization of
the perovskite-phase occurred after heating to 650 °C
for 30 min (although the onset of crystallization was
observed at 400 °C). The thin films were characterized
by a remanant polarization of 18.7 and 26.2 uC cm~2and
a coercive field of 55.2 and 43.3 kV cm2, for SPA and
IMO methods, respectively.

The evolution of structure has been studied in the
barium/titanium system by FT-IR.!1% Two different
methods were used to prepare the sol. In one method,
Ba metal, polished by emery paper in kerosene, was
reacted with anhydrous ethanol at room temperature
to form Ba(OEt);. To this solution was added Ti(O-
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i-Pr)4, followed by a sufficient amount of acetic acid to
form a yellow transparent solution. In the other
method, Ba was reacted with an excess of glacial acetic
acid at room temperature and then reacted with Ti(O-
i-Pr), to form a yellow transparent solution. Both
solutions were then treated with water to a sol from
which fibers were drawn and fired. IR spectra of the
gel fibers were recorded at various temperatures after
the hydrolysis and a drying step. Unfortunately, it is
not clear which method was used to prepare these gels.
On heating to 100 °C both acetate and alkoxide groups
were present, but it appears that crystalline Ba(OAc),
was not present by comparison with the data for
authentic Ba(OAc);. At 400 °C, the vibrational modes
of CO; (produced by decomposition of acetate groups)
were detected at 1370 cm!. However, thisis apparently
not due to crystalline BaCOj since these gels are still
amorphous according to X-ray diffraction experiments
at this temperature. At 600 °C, a broad band at 600
cm-! was consistent with the presence of TiOg octahedra.
Above this temperature, no peak other than that of the
TiOgentity (560 cm1) was observed. However, thermal
treatment to 1000 °C was required to produce crys-
talline, perovskite-phase BaTiOs.

Payne and co-workers have been investigating the
chemistry behind these types of reactions. Using NMR
(*H, 13C{'H}, and 2"Pb) and mass spectroscopies, they
studied the formation of lead titanate (PbTiO;) from
dehydrated lead acetate trihydrate and Ti(O-i-Pr)4
in 2-methoxyethanol (eqs 26-29; see also eq 53).106:107

reflux, distill
Pb(OAc),3H,0 + CH,OCH,CH,0H —

dehydrate
lead precursor (26)

reflux
Ti(0-i-Pr), + CH,OCH,CH,0H —>l
distil

titanium precursor (27)

CH,;0CH,CH,OH

lead precursor + titanium precursor —
reflux, distill

PT precursor (28)

The lead precursor was prepared by refluxing Pb-
{OAC)»3H,0 in 2-methoxyethanol (eq 26), and the
volatile components were then removed in vacuo.
Chemical ionization mass spectroscopy analysis showed
a molecular ion peak at 343 amu corresponding to the
molecular formula Pb(OAc)(OCH,CH;OCHj;) plus a
proton. 2’Pb NMR spectroscopy of this species in
2-methoxyethanol solution revealed an up-field shift,
the value of which was not reported, compared to lead
acetate trihydrate, but interpretation of this change is
difficult to assess (see section 5). 3C{!H}and 'H NMR
spectra confirmed the ratio of acetate:2-methoxyethoxy
ligands but 1H NMR also shows the presence of a peak
ascribed to <0.5H;0. On the basis of these analyses
the following structure was proposed: Pbh(OAc)-
(OCH,CH,;0CH;)-xH;0 (x < 0.5) (although the con-
nectivity of the ligands to the lead center was not
unambiguously established). A similar reaction be-
tween Ti(0-i-Pr) and 2-methoxyethanol (eq 27) resulted
in the formation of a complex of molecular formula
Ti(OCH,;CH,OCHyj)s as determined by mass spec-
trometry. Low-temperature 13C NMR spectro-
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Figure 14. Proposed structure for Ti,(OCH,;CH,OCH,)s.

scopy showed two different chemical shifts for the
a-carbon, leading the authors to propose the structure
shown in Figure 14, where the two bridging alkoxide
ligands are chemically inequivalent to the terminal
groups and, as a result, possess different chemical shifts.

Chemical inequivalence between the two different
types of terminal alkoxide ligands might have been
expected,'%® but was not observed. A single type of
alkoxide ligand was observed at room temperature,
probably due to fast alkoxide ligand exchange. No
experiments were performed to investigate the degree
of aggregation of this species. The modified lead and
titanium precursors were then mixed in refluxing
2-methoxyethanol (eq 28) followed by removal of the
volatile components in vacuo. Three possible compo-
sitions for these solutions were proposed: (i) a simple
mixture of molecules, (ii) formation of a double alkoxide
compound, and (iii) a mixture of Ti and Pb polymers
analogous to the possibilities presented in Figure 1.
The mass spectral data did not show the ions observed
for the individual precursors, which disfavors i, although
[Tiy(OR);)* was observed. The massspectral data were
used to support the second possibility, where formation
of the fragment [Pb,Ti2(OR)y2]* could account for m/e
= 790. The isotope distribution pattern which might
have confirmed this assignment was not discussed. 'H
and 13C{'H} NMR spectroscopies revealed the presence
of only a small amount of acetate ligand. The loss of
acetate ligands was not interpreted, but one could
imagine that esterification reactions take place with
formation of Pb~O-Ti or hydroxyl groups.

In other work, similar solutions have been hydrolyzed
with water and nitric acid. Spin coating of films from
this solution followed by annealing (400 °C) and
calcination (700-800 °C) in an oxygen atmosphere
affords perovskite-phase PbTi0,.1%° Synthesis of
Pb(Ti0,47ZI‘0,53)03 (PZT) from Pb(OAC)z, Ti(O-i-Pr)4,
Zr(0-n-Pr),, and 2-methoxyethanol has also been
investigated using F'T-IR and NMR spectroscopies.!!?
The titanium and zirconium species were refluxed in
2-methoxyethanol at 120 °C and the excess solvent
removed by distillation prior to reaction with the lead
complex at 120 °C. The volatile components were then
removed by distillation. Mass spectroscopic investi-
gations of the Zr/Ti solution are consistent with
formation of a mixed metal alkoxide compound al-
though the isotope distribution data that could confirm
this assignment were not discussed. Upon addition of
anhydrous lead acetate to 2-methoxyethanol, a signif-
icant change in the IR spectra was observed. The bonds
associated with »,,(CO,) and v (CO;), 1572 and 1409
cm-!, respectively, were shifted compared with those of
crystalline lead (II) acetate in the solid state, 1428 and
1419 cm-!, respectively. These observations were
interpreted as providing evidence for monodentate
carboxylate ligands based on the difference A, defined
as the difference v,(COs) = veym(CO2), compared to the
value for the free acetate ion. However, the values of
A available for the free acetate ion are in conflict with
other literature data,!'! which makes interpretation
ambiguous.
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The IR spectrum of this solution also gave rise to a
band at ~1740 cm-l, which is consistent with the
presence of either a free carboxylic acid or an ester.
13C{1H} NMR data were found to be consistent with the
presence of an ester. NMR spectroscopies show the
formation of the ester 2-methoxyethyl acetate and
liberation of an equivalent amount of water that had
to be removed by distillation to avoid adventitious
hydrolysis and condensation. The formation of an ester
was also consistent with IR data. Upon hydrolysis,
alkoxide ligands were progressively removed, but ac-
etate ligands and some remaining alkoxy groups could
be identified by IR spectroscopy. Thermal treatment
(400 °C) resulted in the removal of most of these organic
fragments (~10 weight %) although a weak band at
~1000 cm-! was still observed, even at 500 °C. Firing
at 700 °C crystallized perovskite-phase PZT. It is
noteworthy that the perovskite phase appeared as a
weak peak in the X-ray powder pattern in the major
pyrochlore phase at a temperature as low as 400 °C. On
heating to 650 °C, virtually all the pyrochlore phase
disappeared. The influence of water content on the
crystallization behavior of the films was also studied
on gels fired at 650 °C for 30 min. Gels formed with
low water content tended to have little or no pyrochlore
phase, whereas higher water contents tended to result
in more extensive pyrochlore-phase formation. To
examine these aspects further, two precursor solutions
were prepared. Inthe first, all the volatile components
were removed by vacuum distillation whereas, in the
second, the volatile components were not removed. All
films formed from these solutions were fired at 700 °C
for 30 min on platinized silicon substrates. Films
derived from the first solution hydrolyzed under basic
conditions gave a mixture of pyrochlore and perovskite
phases while those hydrolyzed under acidic conditions
appeared to be mainly perovskite, predominantly
oriented in the [111] direction. Consistent with the
presence of perovskite phase, these films exhibited
better ferroelectric parameters than those derived from
thesecond procedure. The second solution gave poorly
defined hysteresis loops which could be improved by
a pretreatment at 450 °C for 30 min and resulted in
more extensive perovskite-phase development.

Synthesis of PbZrO; (PZ) from addition of zirconium
propoxide to a 2-methoxyethanol solution of lead
acetate has also been studied by FT-IR and Raman
spectroscopies.!1? In the first stage of the reaction, in
which lead acetate was refluxed in 2-methoxyethanol,
it was proposed that ester formation occurs (growth of
aband at ~1740 ¢m!) and the »(CO,) stretching mode
shifts to higher wavenumbers (~1558 cm!) compared
tolead acetate, which was probably due to the formation
of a bidentate acetate binding mode, unlike that of the
crystalline solid. Addition of Zr(O-n-Pr), to this
solution resulted in growth of a band at 1740 cm! and
a shift in 2,,m(CO2) to 1576 cm-l. These data were
interpreted in terms of formation of a bimetallic species
rather than a trimetallic species, in which case the
acetate ligand would have been completely removed by
esterification. Bands attributed to »(Zr—0) in ZrO; were
also observed. Incontrasttothe PbTiO; (PT)system,!18
the bands at ~1740 and ~1576 cm-! did not change
dramatically in intensity upon aging, indicating a faster
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reaction in the case of Zr. Upon hydrolysis and aging,
the band corresponding to the alcohol and ester slowly
decreased due to the evaporation of these molecules.
Bands associated with acetate ligands, attributed to
lead acetate, remain even upon solidification of the gel
and no new Pb—0 bonds seem to be formed. Acetate
species disappeared upon heat treatment (300-400 °C)
and Zr-O modes characteristic of PZ appeared after
heating to 500 °C. X-ray diffraction data revealed the
formation of metallic lead when the PZ precursor was
heated at 400 °C. Formation of metallic lead was not
observed in the PT system. Mixed phases were
observed on heating to 700 °C, including monoclinic
ZrQ, as determined by Raman spectroscopy and
orthorhombic PbO on heating to 500 °C for 6 h.
Perovskite-phase PZ was obtained at or above 800 °C.
In contrast tothe PT system, no PbO band was observed
in the PZ system after treatment to 450-750 °C.!14

Chandler et al. have synthesized lead titanate from
the reaction of Ti(0-i-Pr),!'4115 or Ti(O-i-Pr),(acac),'
with either lead glycolate or lead dimethyl glycolate,
which has some analogy with the citrate or Pechini
processes (chelation of two metals by a common
polydentate ligand). Pb(OOCCH,0H),, characterized
in the solid state by single crystal X-ray diffraction,
reacts in pyridine with Ti(O-i-Pr).(acac). to liberate 2
equiv of 2-propanol as determined by gas chromato-
graphy. A species believed to be [Pb(OOC-
CH,0),Ti(acac):] was precipitated, although no satis-
factory elemental analysis (probably due to a slight
excess of lead glycolate) nor NMR data (due to
insolubility problems) was obtained. Thermogravi-
metric analysis (T'GA) showed a complete weight loss
(observed, 40%; calculated, 39%) corresponding to
PbTiO; at 400 °C. After a bulk sample of this white
precipitate was heated to 400 °C for 1 h, perovskite-
phase PT contaminated with PbO (probably from
coprecipitation of Pb(OOCCH;0OH),;) was formed.
Studies of the crystallization behavior as a function of
temperature by X-ray powder diffraction and trans-
mission electron microscopy techniques were consistent
with the formation of the pyrochlore phase, initially at
low temperatures. Further heat treatment resulted in
development of the perovskite phase with no significant
pyrochlore crystallite growth. Thisisillustrated in the
X-ray diffraction data shown in Figure 15 as a function
of temperature and in the TEM data shown in Figure
16. The both techniques show that the perovskite
crystallite size is on the order of 30 nm while the
pyrochlore crystallites are on the order of 2 nm.!\7
Substitution of the methylene protons of the glycolate
ligand by methyl groups circumvents the insolubility
encountered in the case of the glycolate complexes and
further characterization of intermediate species was
possible.!'4 Reactions of A[OOCC(CH,);0H]; (A =Pb,
Ca, Sr, and Ba) and B(OR), (B = Ti, R =i-Pr; Zr, i-Pr;
B= Sn, R = ¢-Bu) in pyridine (C;H;N) afforded clear
solutions. 'H and !3C{!H} NMR data were consistent
with complexes of the general formulaA[OOCC-
(CH3),01:B(0OR)»-2ROH-xC;H;N (Figure 17). How-
ever, TGA and elemental analysis (C, H, and N) are
consistent with an entity without the alcohol molecules:
A[OOCC(CHj;),0]1:B(0OR)»-xCsH;N. Hydrolysis of the
pyridine solutions results in formation of clear sols.

Chandler et al.
d- spacing
5.95 365 269 2.18 1.88 1.69
XRD of PbTiO,

450 °C
430 °C
410 °C
390 °C
370 °C
350 °C
330°C
310°C

5 s 25 35 45 55 65

20

Figure 15. X-ray powder diffraction data recorded as a
function of temperature for PbTiO; formed via thermal
decomposition of [Pb(OOCCH;0);Ti(acac);]. The broad
peak labeled with an asterisk shows the presence of the
pyrochlore phase. The other (sharper) peaks are due to the
perovskite phase.

Figure 16. TEM datashowing the morphology of the PbTiO;
obtained via thermal decomposition of [Pb(OOC-
CH,0),Ti(acac);]. White arrows show some of the 2-nm
pyrochlore crystallites and the triangle shows a larger (30
nm) perovskite-phase crystallite, revealing the lattice fringes
on close inspection.

Removal of the volatile species affords white or pale-
yellow powders consistent with the empirical formula
A[OOCC(CHj3),01;B(0OH),-xH,0-yC;Hs;N. 'H and



Perovskite-Phase Mixed-Metal Oxides

HOCH(CH;); &
0,CC(CH;),(O
M-OCH(CH3;),
HOCH(CHj3), HOCH(CH3),
Vg
A_A \

(RRAS E LAE  a  as s n ay LE R R a LN LR AN LR RAL RS Ba s s n sl
60 55 50 45 40 35 30 25 20 L5 10 5
PPM

Figure 17. 'H NMR spectrum of Ba[OOCC(CHj3);01,Ti(O-
i-Pr)»2HO-i-Pr in C;D;N.
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Figure 18. 13C NMR spectrum of Ba[OOC-
C(CH;),01,Ti(OH), in D,0 referenced to internal CsDg (*).
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Figure19. X-raypowder diffraction data for PbZr5:Ti.4503
as prepared by the method described above.114

13C{TH} NMR spectroscopies confirmed the removal of
the alkoxides and the presence of the glycolate ligand
(Figure 18). Thermolysis of the hydrolyzed products
at 350 °C under an oxygen atmosphere gave perovskite-
phase crystalline materials. Large crystallites (ca.
>1000 A) were formed in all cases except PZ (300 A),
as determined.by X-ray diffraction. Synthesis of PZT
52:48 (PbZrys;Tip4:03) was also probed using this
method. Mizxing of PT and PZ precursors (A[O,CC-
(CHs3)20],B(0OR);) followed by hydrolysis or mixing the
hydrolyzed species (A[0,CC(CH3),01;B(OH);) ina 0.48
(A =Pb, B =Ti) to 0.52 (A = Pb, B = Zr) ratio afforded
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clear solutions from which solvents could be removed
in vacuo and perovskite-phase PZT could be obtained
by thermal treatment at low temperature (350 °C under
O, atm, 30 min) as shown in Figure 19. It was proposed
that homogeneity at the molecular level may be
responsible for the low crystallization temperature of
PZT rather than formation of individual phases PZ
and PT. Thesereactions are summarized in eqs 29-32,
below.

H0
A(CO,) + 2HO,CCR,OH —
A(O,CCR,OH), + H,0 + CO, (29)

A(O,CCR,0H), + BOR), —
A(0,CCR,0),B(OR’), + 2HOR’ (30)

A(0,CCR,0),B(OR’), —~ ABO, 31)

*A(0,CCR,0),B(OR"), +

A = Ca, Sr, Ba, Pb; B = Ti, Zr, Sn;
R =H, Me; R’ =i-Pr

3.4. Other Routes

Other solution routes to mixed metal oxides include
hydrothermal synthesis. This aqueous process is gen-
erally effected above room temperature and at high
pressures. Typically, the temperature varies from the
boiling point to the critical point of water, 100-374 °C,
and the pressure can be as highas 15 MPa.l* Generally,
but not always, a subsequent thermal treatment is
required to crystallize the final material. Readily
available starting materials are used (metal oxide or
metal hydroxide) which allow a low-cost processing of
mixed metal oxide. By avoiding the use of organic
ligands, no calcination step is necessary.

Hydrothermal synthesis of BaTiO; powder has been
achieved between 150 and 200 °C by reaction between
barium and titanium hydroxides!!® in strongly alkaline
(pH >12) solutions in an autoclave at >5 MPa or from
barium titanium acetate gels.!’®* However, the materials
produced by this method exhibit some anomalous
behavior thought to be derived from the incorporation
of water and the presence of hydroxyl groups in the
crystal lattice.120

More recently, hydrothermal-electrochemical meth-
ods have been investigated.!!® At temperatures as low
as 55 °C, crystalline BaTiO; thin films were electro-
chemically deposited on Ti metal as the anode using
barium acetate~sodium hydroxide solutions under an
oxygen atmosphere.’?! The films were contaminated
with a small amount of BaCO; which was derived from
reaction of the electrolyte with atmospheric CO, (probed
by AES depth-profile analysis).

Other synthetic methods using metal salts (i.e.
M(NO3)., MCl,) have been studied. For example, PZT
52:48 was obtained from Pb, Ti, and ZrNOj; salts in the
presence of ethylenediaminetetraacetic acid (EDTA)
at a constant pH of 5.122 After removal of the solvents
and drying at 80 °C, crystallization of perovskite-phase
PZT is observed at temperatures as low as 250 °C during
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Figure 20. Structure of TFTA as reported by Mashina.12¢

the firing step. However, pure crystalline PZT is only
obtained above 600 °C. The role of EDTA in this
solution is unknown and was not discussed. Unfor-
tunately control experiments in the absence of EDTA
were not performed.

Using metal nitrates MTiO; and MZrO; (M = Ca, Sr,
Ba, and Pb) s PZT 53:47 and Pbo_gzLao,og(Zl‘0.65Ti0,35)0_9803
were synthesized upon heating to 350 °C. Perovskite
phases of these materials were obtained contaminated
with approximately 5-20% of pyrochlore phases.!
These materials were also prepared by combustion
(hypergolic reaction) of tetraformal triazine (TFTA,
Figure 20) in the presence of metal nitrates mixed in
the proper stoichiometry. Thermal decomposition of
TFTA occurs at 350 °C (in air), producing HNCO and
NH; and the mixed TFTA-metal nitrates ignite and
burn with a flame of ca. 1000 °C. Reaction of the metal
nitrates and the decomposition products of TFTA is
highly exothermic and formation of mostly perovskite-
phase materials occurs instantaneously.

Schwartz and Payne carried out an interesting
comparative study of the crystallization behavior of
PbTiO; by three different methods.3 These methods
involved a sol-gel route (lead acetate and titanium
isopropoxide), coprecipitation (lead nitrate and tita-
nium tetrachloride), and splat cooling where PbTiO;
was prepared from a molten lead titanate bar. Co-
precipitated PbTiO; crystallized at the lowest tem-
perature of 375 °C (>600 min) followed by sol-gel
derived PbTiO; at 425 °C (>600 min) and rapidly
solidified materials at 425 °C (>600 min), but with the
presence of multiple phases in the latter case.

4. The Chemistry of Metal-Organic Precursors

4.1. Introduction

The goal of this section is to review the fundamental
aspects of the chemistry of metal-organic compounds
that are relevant to the reactions discussed in the
previous section. Asaresult, it may be possible to draw
some useful conclusions and provide insight into sol-
gel metal-organic routes to perovskite-phase materials.
Therefore, this discussion is not necessarily limited to
the metal-organic complexes of the elements found in
perovskite-phase materials but is focused on the
relevant metal-organic precursor reaction chemistry
in general. Emphasis has been placed on structural
and mechanistic aspects of metal-organic precursor
chemistry where known. To date, most structural data
is derived from solid-state single-crystal X-ray diffrac-
tion data. In many cases, these structures are unlikely
to be retained in solution, especially where polar and/
or coordinating solvents are used. However, discussion
of the structural data is useful in providing a data base
for the variety of ligand binding modes that can be
encountered and for confirmation of empirical and
molecular formulae.

The hydrolysis and condensation of metal alkoxide
compounds have been extensively reviewed in recent
years, and the reader is referred to these articles for a
discussion of the details of this topic.!'-2* The hydrolysis
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of metal alkoxide compounds is only one aspect of the
reaction chemistry that occurs during the formation of
mixed metal oxides from liquid-phase routes. The
metal-organic precursors used for the preparation of
perovskite-phase materials often contain other ligands
in place of, or in addition to, alkoxides. For example,
metal carboxylates are commonly used as precursors in
these systems and are likely to react with other metal
alkoxide precursors prior to, during, or subsequent to
hydrolysis. Furthermore, in the formation of multi-
component metal oxides, the different metal-organic
reagents are often mixed in a solvent (generally an
alcohol) prior to hydrolysis. In this section, various
aspects of the chemistry relevant to that which occurs
in these solutions are discussed in detail.

4.2. Hydrolysis of Metal Alkoxide Compounds

Numerous examples of metal alkoxide compounds
exist, and the principles that determine the structures
adopted by these species have been addressed.!l?2 In
contrast to silicon alkoxide compounds, non-silicate
metal alkoxide compounds can exhibit a variety of
coordination numbers (2-8) and geometries and readily
oligomerize in the absence of other donor molecules to
satisfy their coordination number. As a result, the
factors which control the evolution of structure and
the connections between polymer structure and micro-
structure in non-silicate metal oxide systems are
significantly more complex and poorly understood
compared to the silicate system. Itisexpectedthatthe
greater condensation rates of non-silicates establish
diffusion-limited conditions, but this has not been well-
documented to date, suggesting perhaps that restruc-
turing (to form compact structures) occurs with kinetics
commensurate to condensation.

In order to exhibit greater control over the evolution
of microstructure, it is desirable to separate the steps
of hydrolysis and condensation. In particular, Livage
and co-workers have attempted to control the relative
rates of hydrolysis and condensation by various syn-
thetic approaches.'?> They emphasize that oligomer-
ization, alcohol interchange, acid/base catalysis, or
complexation may be used to slow down hydrolysis and
separate nucleation and growth steps in order to achieve
monosized powders. For example, titanium alkoxide
compounds with primary alkoxide groups are thought
to form trimers in alcohol solution with 5-coordinate
titanium centers, while those with secondary or tertiary
alkoxide ligands remain monomeric due to the greater
steric demands of the ligands.1? Calculations based
on the partial charge model?1?” and electronegativity
data indicate that for [Ti(OR)],, where R = Et (n =
4), AG° = 110 kJ mol-, and for R = i-Pr (n = 1) and
t-Bu (n = 1), AG® = 90 kJ mol-!. This was rationalized
by assuming that primary alkoxides are hydrolyzed
more easily than secondary or tertiary alkoxide ligands;
this difference in energy was attributed to the energy
required to break the [Ti(OR)4]; trimer. It has been
observed that monomeric titanium alkoxide compounds
such as Ti(0-i-Pr), undergo hydrolysis and condensa-
tion simultaneously, leading to polydispersed powders
while under similar conditions oligomeric alkoxide
compounds such as [Ti(OEt)]4 form monosized spher-
ical particles.12812® Qther authors report that the rate
of hydrolysis of metal alkoxide compounds increase in
the order primary < secondary < tertiary.2! This is in
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contrast to the assumption made above. However, no
definitive study has addressed the kinetic distinction
between the rate of hydrolysis of either primary,
secondary, and tertiary alkoxide ligands, unambigu-
ously, or alkoxide ligands of different coordination
modes namely terminal, doubly bridging, and triply
bridging, in non-silicate systems.

Acid or base catalysis can also be used to enable
separation of the hydrolysis and condensation steps. It
has been demonstrated that acid catalysis increases
hydrolysis rates and ultimately crystalline powders are
formed from fully hydrolyzed precursors. Base catalysis
is thought to promote condensation with the result that
amorphous powders are obtained, containing unhy-
drolyzed alkoxide ligands. For example, monosized
particles of pure or doped SnO;, Ti0,, ZrQs, Ta,05, and
Zr0O,Al;0; have been prepared by the hydrolysis of
homoleptic metal ethoxide precursors.30-13 Thege
particles are composed of small crystallites which
apparently have undergone an ordered aggregation
process. Thishierarchical structureisapparentin many
non-silicate metal oxide particles. However, the prin-
ciples described above may not be generally applicable
since crystalline metal oxides have been obtained upon
basic hydrolysis of metal alkoxides at room tempera-
ture.137

The paucity of structural data on metal polyoxo-
alkoxide species, the likely intermediates in the for-
mation of metal oxides derived from the hydrolysis of
unmodified metal alkoxide compounds, reflects the
difficulty in characterizing complex mixtures that are
likely to be formed in these solutions and in limiting
the rates of these reactions. However, a number of
species have been isolated and structurally character-
ized in the solid state. While this information is useful,
it is clearly more important to develop methods to
characterize such species in solution because the
solution structures might be substantially different from
those observed in the solid state. Aningenious method
was recently reported for the solution structural char-
acterization of Ti™) polyoxo-alkoxides derived from
the partial hydrolysis of alcohol/toluene solutions of
[Ti(OEt),]414%14 This technique involves hydrolysis

"with 40 atom %'70-enriched H;0, which resuits in
selective enrichment at the oxide relative to the alkoxide
ligands. The denticity of the 170O-enriched oxo ligands
was then established through their 170 NMR chemical
shift, and the variation in intensity of certain 70 NMR
resonances enabled assignment of their connectivity.
The mixture of species formed was identified by
independent high-yield synthesis and characterization
of specific Ti(IV) oxo—-alkoxide clusters which included
[Tl704] (OEt)go, [TlgOs] (OBZ)20 (where Bz = benzyl),
and [Ti;00s](OEt)s4 (Figures 21-23). The correlation
between the solid-state and solution structures of the
isolated metal oxo—alkoxides is particularly satisfying.
This system also demonstrates the complexity of these
reactions wherein it was demonstrated that both
[Ti;04](OEt); and [TigOs](OEt)s were formed as
hydrolysis products of [Ti(OEt)s and that [Ti-
0O:](OEt)y, was prepared independently from the re-
action between [Ti;0.](OEt)y and [TisOs](OEt)s.
However, [Ti,005](OEt)., was not observed as a product
of the hydrolysis of [Ti(OEt),ls! Extension of this
methodology of solution structure determination in
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Figure 23. Solid-state structure of [Ti;00s](OEt)ss.

perovskite-phase metal titanates would clearly be very
interesting.

The only reported oxo—alkoxides of aluminum were
formed by the hydrolysis of aluminum alkoxide pre-
cursors. Thespecies Al,0(0-i-Bu),;H was isolated from
the reaction of aluminum tri-sec-butoxide with isobutyl
alcohol containing 150 ppm of water.*2 This species
is structurally related to the other aluminum oxo-
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O = Oxygen, R group omitted
@ = H4-Oxygen
@ = H3-Oxygen
@ = Aluminum
Figure 24. Solid-state structure of Al;0(0-i-Bu),;H.

Figure 25. Solid-state structure of Al;(O,(OEt)s,.

alkoxide Al;;O4(OEt):, as shown schematically in Fig-
ures 24 and 25.143

A number of lead oxo~alkoxide compounds have been
prepared by a variety of reaction methods. Thereaction
of alcohols with Pb[NSi(Me;).]; resulted in isolation
of anumber of homoleptic lead (I1) alkoxide compounds,
two of which, Pb(0-t-Bu); and Pb(OCH;CH;OMe)s,,
were structurally characterized in the solid state by
single-crystal X-ray diffraction.®> However, these spe-
cies appear to be quite sensitive to the reaction
conditions under which they are formed. Theirthermal
stability appears to be purity-dependent and their
decomposition in reaction mixtures is promoted by the
presence of water, other impurities, high temperatures,
and concentration effects.85144145 In addition, the use
of a lead(II) carboxylate as starting material often
results in the formation of an oxo—alkoxide product
which might arise as a result of ester elimination (see
section 4.7). Papiernik et al.’¢ report that lead(I)
alkoxide compounds decompose on alcoholysis to form
the species PbyO(OR)s and PbgO4(OR),4 (Figures 26 and
27). Thestructure of Pby(u4-0)(0SiPh;)s has previously
been determined!“¢ and is analogous to a number of
basic metal acetates such as Bes(u*-0)(OAc)s!47 and
Zny(ut-0)(0Ac)s.14® The compound PbgO4(0-i-Pr), was
structurally characterized in the solid state!*® and is
analogous to the structures observed for SngO4(OR),,
R = H, Me.150151
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Figure 26. Solid-state structure of Pb;O(OR)s.

Figure 27. Solid-state structure of PbsO4(OR),.

Qow

Figure 28. Solid-state structure of Ys(u5-0)(u3-OR)4(u®
OR),(OR);.

It is also noteworthy that a number of other metal
oxo—alkoxide compounds have been isolated and struc-
turally characterized, some of which were originally
formulated as homoleptic metal alkoxide compounds.
For example the compound formulated as [Y(O-i-Pr)3]
appears to be more accurately formulated as Y;(u-
0)(u3-OR)4(u2-OR)4(OR); (Figure 28).152 The reaction
of neodymium chips with 2-propanol in the presence
of a catalyst resulted in formation the oxo-alkoxide
compound Nds(1%-0)(1?-OR),(u?-OR)s(OR)s(ROH),
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Figure 29. Solid-state structure of Nds(u5-0)(u3-OR)s(u?-
OR)s(OR)s(ROH),.

(Figure 29).153 In the absence of a catalyst, no reaction
between neodymium and 2-propanol was observed. The
use of mercuric chloride as a catalyst can result in a
halide transfer reaction, and it has been proposed that
mercuric acetateis a better choice. However, the acetate
ligand could be responsible for the formation of an oxo~
alkoxide species via an ester elimination reaction (see
section4.7). A number of other derivatives display the
M;50(0-i-Pr),;5 structure, M = In, Sc¢, Yb, even under
conditions where exceptional precautions against ad-
ventitious hydrolysis were taken.!%

4.3. Hydrolysis and Condensation of Modified
Metal Alkoxide Compounds

Complexation is a method of controlling condensa-
tion of metal alkoxide compounds through coordination
of additional “modifying” ligands, such as carboxylates
or fB-diketonates, that hydrolyze more slowly than
alkoxide ligands.!221155 The choice of the “modifying”
ligand is generally determined by the fact that the pK,
of the free modifying acid must be lower than that of
the free alcohols corresponding to the alkoxide ligand.
This enables thermodynamic distinction between the
hydrolysis of the alkoxide ligands and the other type
of ligand coordinated to the metal center. The choice
of B-diketonate or carboxylate ligands is particularly
judicious because of the strength of basicity of the
ligand, or the pK. of the conjugate acid, can be
manipulated through substitution to control the con-
ditions under which it is removed. The other feature
of the modifying ligands which can be exploited to
control the evolution of structure is the preferred
coordination mode. In general, 8-diketonate ligands
predominantly form metal chelates,'® whereas car-
boxylate ligands have a strong propensity to bridge
metal centers.!'2157 Ag a result, it might be anticipated
that, in metal alkoxide complexes modified with these
ligands, when all the alkoxide (and hydroxide) ligands
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Figure 30. Proposed mechanism for the hydrolysis and
condensation of [Ti(O-i-Pr)s(acac)].

have been consumed by hydrolysis and condensation,
the S8-diketonate ligands can “cap” the surface of the
structure!?s (see Figure 30) whereas carboxylate ligands
are likely to become “trapped” in the bulk of the material
in addition to the surface of the particle. Furthermore,
the B8-diketonate ligands are likely to be more labile
compared to carboxylate ligands and, through reversible
dissociation, may be preferential recoordinated at the
surface of a growing cluster. This would also account
for the loss of 8-diketonate ligands observed during
some reactions.

It hasbeen observed that, whereas hydrolysis of Ti(O-
i-Pr), is very rapid and leads to formation of polydis-
perse 10-20-nm particles, hydrolysis of [Ti(O-i-
Pr);(acac)]o8159 regults in formation of a three-
dimensional colloidal sol consisting of ~5 nm particles,
and hydrolysis of (acac);Ti(O-i-Pr), results in formation
of weakly branched polymers which may be useful
precursors for formation of fibers. Hydrolysis and
condensation of [Ti(0-i-Pr)s(acac)] was studied by a
variety of spectroscopic techniques including NMR,
IR, Xanes, and EXAFS.1%815 The results showed that
hydrolysis was essentially complete for a H,O:T'i ratio
of 3 and some acac ligands were present even when a
large excess of water was used. The proposed mech-
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Figure 32, Solid-state structure of [Ti;30(0-n-Bu)sg(acac)s].

anism for the nucleation and growth of this material is
shown in Figure 30.

Gradually, quantitative data are emerging concerning
the progressive structural evolution in these modified
metal alkoxide systems. The hydrolysis of Ces(O-i-
Pr)4(acac), resulted in isolation of the species CesOy4-
(OH),(acac),2, which was structurally characterized by
single crystal X-ray diffraction.!60-162 The structure is
shown in Figure 31. Hydrolysis of Ti(O-n-Bu)4..(acac),
resulted in the isolation of the species [Ti;gO022(0-n-
Bu)gs(acac);]. This species was also structurally char-
acterized in the solid state (Figure 32).163 The acetate-
modified metal alkoxide compound Tis(OR)¢(OAc); has
been prepared and, via ester elimination reactions (see
section 4.7), the oxo—acetate compound TigO4(OAc),
was isolated (Figure 33). A variety of species were
proposed as intermediates in the formation of this
material, 162164

4.4. Mixed-Metal Species as Precursors

4.4.1. Homoleptic Mixed-Metal Alkoxide Species

The synthesis, structural principles, and reactivity
of heterometallic alkoxide compounds were recently
extensively reviewed.?> The species that are noteworthy

Chandler et al.

Figure 33. Solid-state structure of TigO4(OAc)s.

in this context are those that have the correct stoichi-
ometry for the formation of a perovskite-phase material
(or a component of one), and those that provide insight
into the rational design of such precursors. Mixed-
metal alkoxide complexes of a large number of elements
have been prepared, notably by Mehrotra et al.'65

A number of strategies have been explored for the
formation of mixed-metal alkoxide compounds with a
particular, desired stoichiometry. The most common
strategy is to simply mix the parent metal alkoxide
compounds and rely on their acid-base behavior (eq
33). While this strategy has resulted in formation of

*M(OR),, + M'(OR"), - M,M’'(OR),(OR),  (33)

a number of valuable species, there is little control over
these reactions. A classic example of a useful “single-
component” precursor to a perovskite-phase ceramic
material is LINb(OEt)s. This species is prepared by
simply refluxing an ethanol solution of lithium ethoxide
and niobium ethoxide in the correct ratio.’®¢ Spectro-
scopic evidence has been presented that a single species
is formed in these solutions,’®” and recently the solid-
state structure of this material was obtained (Figure
34).188 The structure consists of 1-dimensional infinite
helical polymers of niobium octahedra linked via one
edge through tetrahedrallithium. Innumerousstudies,
solutions of this compound have been hydrolyzed to
form high-quality LiNbO; films and powders.50-82

Two barium zirconium alkoxide compounds have
been prepared via the reaction of either Ba metal or
Ba[N(SlMeg)z] 2(THF)2 with Zrz(o-l-Pl‘)s(HO-l-Pl‘)z167
The compound [BaZry(O-i-Pr);o]; was characterized in
the solid-state by single-crystal X-ray diffraction (Fig-
ure 35), where the two Zr; cores characteristic of Zry(O-
i-Pr)s(HO-i-Pr); remain intact and are bridged by two
barium atoms. The barium centers are then bridged
by isopropoxide ligands. The species Ba[Zr;(0-i-Pr)sl.
is believed to have a similar structure, in which two
[Zry(0-i-Pr)s]- groups surround one 8-coordinate Ba
ion, although the X-ray data could not be satisfactorily
refined. The preparation of various other relevant
mixed-metal alkoxides have been claimed including
KNb(OR);, R = Et and n-Pr,!”® BaTi(OR)e,'7! Mg-
[AI(OR)4}.,2 Mg[Nb(OEt)s12,%° ZnSn(OEt)s, %" PbZr-
(OEt)s,'™ BaTi(OCH:CH:OMe)g,” and Zn[Nb(OEit)¢],,®
but their structures either in solution or in the solid
state have not been unambiguously established.

One flaw associated with this strategy is that the
formation of mixed-metal alkoxides is at the mercy of
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Figure 35. Solid-state structure of [BaZry(0-i-Pr)ygls.

thermodynamic control and the factors which influence
the product distribution are not well-understood. This
limitation is illustrated by the reaction of a 1:1 ratio of
Sr(0-i-Pr), with Ti(0-i-Pr), in HO-i-Pr/toluene, which
yields Sr;Ti(0-i-Pr)g(HO-i-Pr); as the only mixed metal
alkoxide product.!™ This species was characterized in
the solid state and the structure is shown in Figure 36.

Another strategy that has been explored for the
preparation of homoleptic mixed-metal alkoxide com-
pounds is the salt-elimination reaction in which a mixed-
metal alkoxide compound, where one of the metal ions
is exchangeable, is reacted with another metal halide
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Figure 36. Solid-state structure of SroTi(0-i-Pr)s(HO-i-Pr)s.

to eliminate a metal halide (salt) according to the
stoichiometry of eq 34. Although this reaction method

MX, + nM’M”(OR),, —
M[M”(OR) ], + nM’X (34)

has been used to form a large variety of mixed-metal
alkoxide compounds, it is a rather poor strategy for the
synthesis of specific stoichiometry products. This
method relies on (i) the formation of a species,
M'M”(OR),,, of appropriate stoichiometry and (ii)
control over stoichiometry of the “ion exchange”
reaction. In many cases metal halide containing
products have been isolated from incomplete reac-
tions,? although it may be possible to replace the halide
with an alkoxide in a subsequent metathesis step. In
a number of cases, and probably in many more than
have been reported in the literature, no reaction occurs
when a mixed alkali metal alkoxide compound (i.e. M’
= Li, Na, K) is reacted with a metal halide. This is
probably the result of the covalent nature of metal
alkoxide compounds and the strong desire for ions that
are typically considered as exchangeable, such as Li,
Na, K, for hard donors such as the oxygen atoms of
alkoxide ligands. A number of mixed-metal homoleptic
alkoxide compounds containing alkali metals have been
structurally characterized in the solid state,!67.108,175,176
They typically show that the alkali metal is coordinated
to alkoxide oxygen atoms sometimes even in the
presence of a donor solvent.

There are a number of obvious methods for circum-
venting this problem. One is to use a stronger donor
to sequester the alkali metal center and attempt to
generate amoreionicreagent. Whenrecrystallized from
polydentate oxygen donor solvents, the solvent often
sequesters the alkali metal as in the case of K(n%-
DME);(n-DME)1[Y(OSiPh;),(n>-DME)], where the
potassium ion exists in a 7-coordinate environment of
oxygenions of 1,2-dimethoxyethane (DME).'" Another
example is shown in eq 35.% However, it is quite likely

LiV(OR),THF + 12-crown-4 —
[Li(12-crown-4)1*[V(OR) ]~ (35)

that the alkoxide oxygen atoms are at least as efficient
as classical reagents such as crown ethers at sequestering
alkali metal cations.

Another method of inducing a salt elimination
reaction is to use a large, soft, polarizable cation!™ that
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has a lower affinity for oxygen donors or which forms
particularly insoluble salts. Thallium is a good choice
for such reactions and has been shown to result
successfully in ion-exchange reactions particularly for
tin(II)'™ and tin(IV) alkoxide!3"1"¢ compounds accord-
ing to the examples shown in eqs 36-38.

T1Sn(0-t-Bu); + InBr — InSn(O-t-Bu), + TIBr (36)

T1,Sn(OEt), + ZnCl, — ZnSn(OEt), + 2TICl  (37)

T1,Sn(OEt), + [(1,5-COD)RhCI], —
[(1,5-COD)Rh1,Sn(OEt), + 2TICI (38)

4.4.2. Mixed-Metal Oxo-Alkoxide Compounds

A number of methods for the preparation of mixed
metal oxo—alkoxide compounds have been reported.
Some methods are designed to form these species
intentionally and some are accidental. One reaction
that leads to formation of these species in particular is
the reaction between a metal alkoxide and a metal
carboxylate compound with the elimination of an ester.
A separate section is devoted to the discussion of this
reaction (section 4.7). Where metal oxo—alkoxide
species are formed unintentionally, the origin of the
oxogroup is not necessarily known. This will be pointed
out where possible.

Controlled hydrolysis of homoleptic mixed metal
alkoxide compounds is an obvious method for the
formation of mixed metal oxo—-alkoxide compounds.
However, there are very few examples of these reactions.
A notable recent example is the partial hydrolysis of a
2-methoxyethanol solution of BaTi(OCH;CH;OMe)
which after 2 months produced colorless, transparent
crystals in 30% vield.”* Analytical, spectroscopic, and
X-ray diffraction data showed this species to be
Ba4Ti13013(OCHZCHZOMe)24 in which the Ba:Ti stoi-
chiometry was different than the overall solution
stoichiometry. The solid-state structure of this rather
complicated molecule is shown in Figure 37.

Reaction of 2 equiv of KH or KN(SiMej); with Zr,(O-
i-Pr)s(HO-i-Pr), resulted in formation of K Zr,O(O-i-
Pr)yo in which the oxygen atom occurs at the center of
an octahedron of metal atoms.!%® This product appears
not to be derived from the double protonation of the
coordinated alcohol ligand, and extensive precautions
were taken against impurity contamination (i.e. KOH
in the KH or surface adsorbed water on the glassware).
Significantly, no propene or diisopropyl ether were
observed on reaction of KH with Zry(0-i-Pr)s(HO-i-
Pr),, but propane, isopropyl alcohol, and a trace of
acetone were observed. Asaresultofthese observations
and a labeling study using KD, it was proposed that
oxygen abstraction occurred at the (u3-O-i-Pr) ligand.

The oxo—-alkoxide species K4Zr,0(0-i-Pr) (Figure 38)
undergoes a salt elimination reaction with copper(II)
chloride in the presence of water according to eq 39 to
give the species CuyZr;03(0-i-Pr);5.18!

2K ,Zr,0(0-i-Pr),, + 4CuCl, + H,0 —~
Cu,Zr,0,(0-i-Pr),; + 8KCl + 2HO-i-Pr (39)

A number of bismuth oxo-alkoxide compounds have
been prepared by the reaction of alkali-metal alkoxides

Chandler et al.

Figure 37. Solid-state structure of BasTi;30:s(OCH,-
CH,OMe)s..

Figure 38. Solid-state structure of K Zr,O(0-i-Pr)i.

with bismuth halides.'®2 For example, whereas BiCls
reacts with 3 equiv of Na(O-CH(CF3),) in THF results
in formation of [Bi(OCH(CF3)2(THF)],, the reaction
of BiCl; with NaOCgF s results in formation of a variety
of different species, depending upon the origin of alcohol
from which the salt was made. From this reaction, the
species, NaBi3(u*-0)(OR)s(THF), Big(u3-0)4(u3-OR){(u-
0)Bi(OR)4}s, NaBisy(u3-0)2(OR)s, and Na,Big(u®-0)q-
(OR)1o have been isolated and structurally character-
ized. Two examples are given in Figures 39 and 40.

A number of mixed-metal oxo~alkoxide compounds
have been prepared by the reaction of metal alkoxide
compounds with metal oxo—alkoxide compounds. For
example, PbgNb,(u-0)4(u3-OEt),(u2-OEt)2(OEt)s (Fig-
ure 41) was prepared in 46% yield from the reaction
between Pb,O(OEt)s and Nby(OEt),in ethanol at room
temperature.'8® This complex can be viewed as a Lewis
acid/base adduct of the lead(II) oxo—alkoxide with
Nb(OEt);s monomers coordinated to four faces of the
octahedron. However, in solution, 27Pb NMR and IR
spectroscopy reveal that, even in nonpolar solvents such
as toluene, a variety of species are formed, and it is
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Figure 40. Solid-state structure of Big(u?-0)4(u3-OR){u3-0-
Bi(OR)4}2(THF)2, R= Cst.

believed that this heterometallic species dissociates in
solution.

4.4.3. Mixed-Metal Alkoxide~Carboxylate Compounds

The reaction of lead(II) and zinc(II) acetates in a 3:1
molar ratio in 2-methoxyethanol at 124 °C resulted in
formation of the mixed-metal compound Pb.Zn,-
(OAc)4(OCH,CH;OMe), in which the solvent had
reacted and been incorporated in the coordination
sphere of the metals.18%186 A gingle-crystal X-ray
diffraction study revealed that the zinc ions were
4-coordinate and the lead(II) ions were 6-coordinate
with a stereochemically active lone pair as shown in
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Figure 41, Solid-state structure of PbgNby(u4-0)4(u*-OEt)(u?-
OEt);2(OEt)s.

Figure 42. Solid-state structure of Pb:Zn2(OAc),-
(OCH2CH20M6)4.

Figure 42. Further reaction with niobium alkoxide
compounds resulted in formation of Pb(Zng 33Nbg.66) Os,
PZN.!2" The reaction of Pb;O(0OAc)e-H:0 with Ti(O-
i-Pr),in a 1:1 Pb:Ti ratio in refluxing ethanol resulted
in formation of a mixed-metal complex with a Pb to Ti
ratio of 2:1 with empirical formula PbyTi (u4-O)s(u-
OEt)s(OEt)(0Ac)..8 The compound was structurally
characterized in the solid state (Figure 43).

4.5. Metal Alkoxide Compounds with
Multidentate Ligands

There has been growing interest in the use of
multidentate solvents and/or metal-organic precursors
which contain multidentate ligands. In particular the
use of polyether alcohols as solvents and polyether
alkoxides as ligands has seen rapid growth in recent
years. The rationale behind the use of such solvents
or ligands is that, through chelate effects, it is thought
likely that these ligands are removed less easily by
hydrolysis and may impart solubility to a growing metal
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Figure 43. Solid-state structure of Pb;Tis(u*-0)s(u-OEt)s-
(OEt)s(OAc),.

oxide cluster extending the time to the gel point. It is
likely that, when many metal alkoxide compounds are
dissolved in such multifunctional alcohol solvents,
alcoholysis reactions occur, leading to the formation of
new species perhaps prior to hydrolysis and conden-
sation reactions. Here we review the structural and
solution chemistry of metal alkoxide compounds in
which the alkoxide ligand contains additional functional
groups to investigate the molecular basis for this
hypothesis. Specific attention is given to ether and
amine functionalities because they have been used in
the preparation of mixed-metal oxides.

Buhro and co-workers have been most prolific in the
preparation and characterization of metal polyether
alkoxide species. Their rationale for the synthesis of
these complexes has been to investigate whether the
ether oxygens can coordinate and reduce the tendency
for oligomerization and as a result improve solubility.
Anadditional bonus of this strategy is that, if successful,
alow degree of oligomerization will also improve vapor
pressure and the same species might also be useful as
precursors for vapor-phase synthetic routes to metal or
metal oxide films. The compounds Cu(OR);, where R
= CHzCHgOMe or CHzCHzOCHgCHzOMe and for
comparison (CH;)sMe, were prepared by the alcoholysis
of copper(II) methoxide shown in eq 40.%7 The

Cu(OMe), + 2HOR — Cu(OR), + 2HOMe (40)

compounds Cu(OCH,;CH,0Me); and Cu(O(CHj)sMe)-
were found to be insoluble in a range of organic solvents
including benzene, toluene, THF, hexane and 2-meth-
oxymethanol. However, Cu(OCH,CH,O0CH,CH,0OMe),
was soluble in benzene, but cryoscopic molecular weight
determination conformed to a degree of aggregation
greaterthan 5. The 'H NMR spectrum provided insight
into the solution structure of this compound where only
one !H resonance ascribed to a methylene group was
highly shifted and broadened, consistent with close
proximity to a paramagnetic center. The remaining
1H resonances were progressively less paramagnetically
shifted from their expected isotropic, diamagnetic
chemical shifts. In considering the two limiting struc-
tures for this molecule, in which the polyether oxygen
atoms are either coordinated or not coordinated to the
copper(Il) center, the structure in which none of the
ether oxygens are coordinated (on the NMR time scale)
seems most appropriate (Figure 44). Replacement of

Chandier et al,

A B COD ¢
NN
Cu—0 0 0— E 2] | ‘
' M
— _
latas T T T
A 8 7 6 5 4 3
e
— e e e  aa e s RaA
ppm 100 80 60 40 20 o]

Figure 44. Proposed solution structure for Cu(OCH,-
CH,OCH,CH,0Me); based on 'H NMR data.

Figure 45. Solid-state structure of Cu(OCH,CH,-
N(Me)CHchQNMez)Q.

Figure 46. Solid-state structure of Cu(OCH(Me)CH:NMey)..

the oxygen donors in the polyether ligands with more
basic amino groups resulted in the isolation of a number
of monomeric, volatile metal alkoxide compounds,
Cu(OR);, where R = CH,CH,NMe,;, CH(Me)CH;NMe;,
and CH,CH;N(Me)CH.CH,;NMe.,.1® The solid-state
structure of two of these species confirmed the notion
that the amino group is coordinated to the metal center
and results in the observed decrease in oligomerization
compared to the ether analogues (Figures 45 and 46).

A number of other metal 2-methoxyethoxide com-
plexes have beenisolated and structurally characterized.
Lead(II) bis(2-methoxyethoxide) crystallizes as a 1-di-
mensional infinite polymer with 4-coordinate lead
centers where the potentially chelating ligands do not
coordinate but adopt dangling conformations.?5 The
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Figure 48. Solid-state structure of Bi(OCH,CH;0OMe)s.

geometry about lead(II) is approximately trigonal
bipyramidal, assuming one of the coordination sites is
occupied by a stereochemically active lone pair, asshown
inFigure47. The compound Pb(OCH(Me)CH;NMe:),
was also prepared in this study and found to exhibit a
molecularity of 1.3 in benzene solution.

The compounds Bi(OR);, R = i-Pr, CH;,CH;OMe,
CH,CH;NMe,, CH(Me)CH;NMe,, and CMe,Et, were
prepared by alcoholysis of Bi(NMe,)3.182 While the low
solubility of Bi(O-i-Pr); precluded a cryoscopic mo-
lecular weight determination in benzene and is likely
to be consistent with the presence of an oligomer, the
remaining compounds were found to be dimeric (R =
CH,CH,0OMe), or approximately monomeric, in ben-
zene solution. However, a solid-state structural study
of Bi(OCH,;CH;OMe); revealed the presence of a
1-dimensional infinite polymer in which the Bi center
is approximately octahedral, assuming the presence of
a stereochemically active lone pair in the vacant
coordination site, and none of the ether oxygen atoms
are coordinated to the metal center (Figure 48). A
different structure must be adopted in solution since
a molecular complexity of 2.1 was measured and this
species was readily soluble in a variety of common
organic solvents. In solution, the change in degree of
aggregation could be derived from the coordination of
the ether oxygen atoms to the metal center.

Interestingly the polyether alkoxides Ba(OR)2, where
R = CHzCHzOCHzCHzOMe and CHzCHzOCHzCHz-
OCH.CH;OMe, were proposed to adopt a structure in
which the ether oxygen atoms are chelated to the metal
center, as determined by their monomeric nature, their
NMR and mass spectra, and their high solubility in
common organic solvents.!® These species were pre-
pared from the reaction of barium metal with the
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Figure 49. Solid-state structure of Cag(OCH,CH,-
OMe)m(HOCHzCHzOMe)Q.

Figure 50. Solid-state structure of [Y(OCH,;CH,OMe);l;o.

corresponding alcohol according to eq 41 and exist as
liquids at room temperature.

Ba + 2HOR — Ba(OR), + H, (41)

The calcium and yttrium derivatives of 2-methoxy-
ethanol were both prepared by the reaction of the metal
with an excess of the alcohol and formed high nuclearity
specios, C&g(OCHzCHgOMe)13(HOCH20H20M9)2191 and
[Y(OCH.CH;0Me);3]10.192 These structures are shown
inFigures 49 and 50. In contrasttothe otherstructures
described above,Cas(OCH,CH.OMe);s(HOCH,CH,-
OMe); exhibits a structure in which all but two of the
ether oxygens are chelated to the Ca centers. In
addition there are two coordinated, but nonchelated,
alcohols. A similar phenomenon was observed for the
yttrium derivative where only one of the three alkoxide
ligands for each yttrium atom is not chelated. The
structure of [Y(OCH,CH;0Me);l,, is quite unusual in
that (i) the yttrium coordination number is 7, which is
higher than that observed in some phases of Y,0;,%!
and (ii) the structure adopted bears no relation to a
close-packed structure which is likely to maximize
enthalpy while minimizing entropic considerations.
On the other hand, the structure of Cag(OCH,-
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Figure 51. Solid-state structure ofBa[(OCH,CHy)N(CH,-
CH,0H),].-2EtOH.

CH,0Me);s(HOCH,CH,0Me), was likened to that of
CdI,. It was proposed that the structures adopted by
metal alkoxide aggregates are likely to be asubtle trade
off between the enthalpic driving force to attain
coordinative saturation and the loss in translational
entropy. These ideas corroborate Bradley’s structural
theory, which was based on empirical arguments.
Oligomerization should proceed to the point at which
coordinative saturation of the metal is satisfied in the
absence of other complications. However, the condi-
tions under which 2-methoxyethoxide ligands chelate
rather than dangle and other donor ligands such as the
free alcohol are used to satisfy the metal coordination
environment are not clear at this stage. Furthermore,
the reason why enthalpic considerations dominate
entropic considerations in the case of the yttrium
derivative and represent an exception to the structure
theory are not clear.

A number of alcohol amine complexes of metals
relevant to this review have been isolated and char-
acterized. Ethanolamine ligands typically chelate and
this is demonstrated by the complex [Cu(OCH,-
CH,NH,)(SCN)], which exists as a polymer in the solid
state through bridging thiocyanate ligands.!% Trieth-
anolamine has been used extensively as a solvent in
sol-gel processing, but few discrete complexes have been
isolated and characterized unambiguously. Thetin(IV)
compound Sn[(OCH;CH,):N(CH,CH>0OH)]: has been
structurally characterized in two different crystalline
modifications, both of which exhibit 6-coordinate,
octahedral tin(IV) environments with four alkoxide and
two nitrogen donor ligands.!®$!% The compound
Ba[(OCH,;CH,)N(CH,CH,0H),]2-2EtOH was recently
prepared!® from the reaction of Ba and triethanolamine
and structurally characterized in the solid state (Figure
51). In this case, with the larger Ba(II) ion compared
to Sn(IV), the triethanolamine ligands are each tet-
radentate resulting in a coordination number of 8.
However, the 8-coordinate Ba units are associated
through intermolecular hydrogen bonding arising from
the ethanol lattice molecules resulting in formation of
a two dimensional network.

In an analogous reaction, Ba granules were mixed
with 2,6-di-tert-butylphenol using gaseous ammonia
as a catalyst to form the unexpected product Ba(2,6-
(tert-Bu);Ce¢H30):(HOCH,;CH;NMe,)4.197 1t was pro-
posed that the 2-(dimethylamino)ethanol ligand was
generated in situ on the basis of the Ba-induced cleavage
of THF that had previously been observed to produce
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Figure 52. Solid-state structure of Ba(2,6-(¢t-Bu),Cs-
HsO)z(HOCHzCHgNMGzh.

Figure 53. Solid-state structure of Pb'(0O,CCH,0H),.

diols.®® The product was structurally characterized in
the solid state by single-crystal X-ray diffraction to
reveal an unusual feature that the ethanolamine ligands
had displaced the alkoxide ligands from the coordi-
nation sphere of the Ba ion. The alkoxide ligands are
hydrogen bonded to the 2-(dimethylamino)ethanol
alcoholic protons as shown in Figure 52.

A number of a-hydroxy carboxylate complexes of
lead(II) have been prepared and structurally charac-
terized. Whileitis mostlikely that the carboxylicrather
than the alcoholic group has been deprotonated, these
species are relevant to the discussion here because they
have been used as precursors to perovskite-phase
materials. The reaction of lead(Il) carbonate with
glycolic acid (HO,CCH;OH)!¢ and dimethylglycolic
acid (HO,CC(Me),OH),114115 gecording to eq 29, re-
sulted in the formation of the corresponding Pb{D-
(O,CCR;0H); complexes. These species were struc-
turally characterized in the solid state and their
structure are shown in Figures 53-55. Both species
exhibit extensive hydrogen bonding, a variety of car-
boxylate coordination modes, and a number of different
lead(II) coordination geometries. In this context it is
noteworthy that the a-hydroxy carboxylate ligands
chelate through the carboxylate and alcohol ligands in
every case. These compounds, together with a number
of related metal-organic complexes, have also been
characterized by both solution and solid-state 207Pb
NMR spectroscopy.’® Crystalline Pb(OAc)2-38H,0 ex-
hibited a single resonance at —1897 ppm relative to
PbMe,, and Pb(0,CCH,OH); exhibited a single reso-
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Figure 54. Molecular structure of Pbl(0,CCH,OH); em-
phasizing hydrogen bonding.
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Figure 55. Solid-state structure of Pb(0,CCMe,OH),.
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Figure 56. Solid-State CP/MAS 207Pb NMR spectrum of

Pb(0,CC(Me).OH),. The arrows indicate the position of the
isotropic chemical shifts.
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nance at —2031 ppm, both consistent with the single
type of lead atom observed by single-crystal X-ray
diffraction data. The compound Pb(0,CC(Me),OH),
exhibited three crystallographically different lead en-
vironments in a 2:2:1 ratio according to single-crystal
X-ray diffraction data. Solid-state CP/MAS 207Pb
NMR spectroscopy of the same sample of crystals used
for X-ray diffraction studies also revealed three 2"Pb
chemical environments at-1177,-2077, and -2623 ppm
in the ratio 2:2:1, consistent with the structural data as
shown in Figure 56. Clearly, many more experiments
are required to create a data base from which useful
predictions of coordination environment can be made,
but at least these results demonstrate the potential
utility of this technique. Extending these principles to
solution 2"Pb NMR spectroscopy should also be
possible provided caution is exercised in interpretation
of the data where coordinating solvents are employed.

Finally, it is worth noting in thissection that anumber
of groups have investigated the use of neutral cyclic
and acyclic polyether ligands including crown ethers to
control metal ion coordination environments in metal-
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organic precursors. These studies have resulted in
formation of soluble and sometimes volatile complexes
including Ba(2,5,8,11,14-pentaoxapentadecane)(hfac),,20
Ba(hfac)(18-crown-6),2 and Pb(OAc),(18-crown-6).202
Insome cases, such ether complexes react with the metal
center to form olefin complexes, or with cleavage of a
C-0 bond resulting in formation of an alkoxide spe-
cies.208

A large number of crown ether and polyethylene glycol
complexes of the main group and transition metals have
also been prepared and characterized, many of which
are beyond the scope of this text.24205 However, some
of these reactions have resulted in the deprotonation
of the glycols, resulting in formation of metal polyether
alkoxides. A notable recent example was that of the
reactions between Bi(NO;); and a number of polyethy-
lene glycols which resulted in formation of soluble
Bi(III) alkoxides. A number of dimeric species were
formed as shown in Figure 57. In each case the ether
oxygens of the ethylene glycol ligands are all coordinated
tothe metal center, and it was noted that pentaethylene
glycol (EO5) has of sufficient chain length for all six
oxygen atoms to bind to one Bi atom, and in addition,
the two alcohol oxygens bridge to an adjacent Bi atom.
It is also noteworthy that extensive ligand redistribution
can occur during these reactions as evidenced for
example by the isolation of the salt [Bi(NQO;):(EO5)]-
[Bi(NO3)2(EO57)Bi(NO3)31:-H20. This topic is the
subject of the next section.

4.6. Ligand-Exchange Reactions

In this section the reactions between two different
reagents which result in transfer or exchange of ligands
will be discussed. This is relevant to the chemistry
that occurs en route to mixed metal oxides because the
transfer of a ligand can lead to a change in stoichiometry
and structural control in these systems. The most
relevant aspect of these reactions is the transfer of
ligands between a metal alkoxide compound and a metal
carboxylate compound. Often thesereactions have been
investigated as an approach to form mixed metal
intermediates or to induce ester elimination.

The 1:1 reaction of Bi(O-t-Bu); with copper(Il)
acetate is represented by eq 42, in which a mixed metal

6Bi(0-t-Bu),; + 6[Cu(OAc),], —
[Cu(O-t-Bu)(OAc)], + 3[Cu(OAc),],
[Bi(0-t-Bu),(OAc)], (42)

species is formed and in addition acetate for alkoxide
exchange occurs at copper to form a copper(Il) hexa-
meric species, [Cu(O-t-Bu)(0OAc)16.2% The reaction
between [Y(OCH;CH,OMe)s3],o and Cu(acac), re-
sults in ligand exchange to form a variety of species
from which a mixed alkoxide, §-diketonate of yttri-
um was isolated (eq 43).207 The yttrium product,

[Y(OCH,CH,0Me),l,, + 30Cu(acac), —

3Y,(OCH,CH,0OMe);,(acac), + [Cu(OCH,CH,0Me)
(acac)], + others (43)

Y3(OCH;CH;0Me)s(acac),, was isolated as white crys-
tals and the structure was solved by single-crystal X-ray
diffraction. The yttrium atoms form a triangle capped
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[Bi(NO,),;(EO47)),2MeOH.

Chandler et al.

A portion of the polymeric anion in [Bi(NO,),(EOS)][Bi-
(NO,):(EOQS)BI(NO,);)-2H,0. O(4)* and O(6)* coordinated to Bi(2)
are related 10 O(4) and O(6) by x, !/, ~ 3, 2 =1/,

Figure 57. Solid-state structure of Bi polyethylene glycol complexes.

above and below with triply bridging alkoxide oxygens
of chelating 2-methoxyethoxide groups. The metals
are also linked by two doubly bridging alkoxide ligands
of a chelating methoxymethoxide and a doubly bridging
alkoxide oxygen of a dangling 2-methoxyethoxide. The
coordination sphere is completed by the 8-diketonate
ligands which chelate to the metals and result in
8-coordination at yttrium.

The first example of a molecular barium-copper
cluster,Ba;Cuz(acac)(OCH.CH,0Me),-2(HOCH,CH,-
OMe), was isolated from the reaction of[(acac)Cu-
(OCH,;CH.OMe)] withBa(OCH,CH;0Me);].2%8 The
structure is shown in Figure 58 and indicates that a
B-diketonate ligand has been transferred from the
copper center to Ba. It is interesting to note that, in
this case, the 2-methoxyethoxide ligands all chelate
while the 2-methoxyethanol ligands dangle.

4.7. Ester-Elimination Reactions

Mixed-metal oxide species have been prepared ex-
tensively by reactions between metal alkoxide com-
pounds and metal carboxylates. Solutions of these
species are generally prepared in alcohols or carboxylic
acids as solvents and subsequently hydrolyzed and

O Carbon
@ Ooxygen

&) Cu, Ba

Figure 58. Solid-state structure of Ba;Cujy(acac)y-
(OCH,CH;0Me)42(HOCH,CH;OMe).

pyrolyzed, as discussed in section 3. However, on
mixing, solutions containing metal alkoxide and metal
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carboxylate compounds can undergo a number of
reactions which might dictate the evolution of structure
on formation of the final mixed-metal oxide. The
possibility of ligand exchange has been discussed above.
Another possibility is a reaction in which an alkoxide
and a carboxylate ligand react to form an oxo ligand
and an ester, the so-called ester-elimination reaction.
This reaction stoichiometry is presented for a general
case in eq 44. Free alcohol and/or carboxylic acid can

M(OR), + M'(O,CR"),, —
(RO),_,MOM'(0,CR/),, , + RO,CR’ (44)

also react with metal-organic precursors to form
hydroxide species which may be capable of further
condensation to liberate 0.5 equivalent of water for each
ester formed (eqs 45-47). However, the reaction of eq
46 is unlikely due to the higher pK, of alcohols compared
to carboxylic acids.

M(OR), + HO,CR’ — (RO), ,MOH + RO,CR’  (45)

M(O,CR), + HOR —
(R’'CO,), ,MOH + RO,CR’ (46)

2(X), ,MOH —

X),,MOMX),_; +H,0 (X =O0RorO0,CR) (47)

The elimination of esters has also been used exten-
sively in the formation of metal siloxide compounds
where an acyloxysilane is reacted with a metal alkoxzide
to eliminate the corresponding ester according to eq
48,209-211 Tn this case ester elimination does not lead to

Ti(OR), + 4R/,;SiOCOR"” —
Ti(OSiR’;) + 4ROCOR” (48)

formation of an oxo species, but rather a new homoleptic
metal alkoxide compound. This reaction is successful
for the formation of Ti, Zr, V, and Nb siloxide
complexes. While this reaction is not “useful” in this
context because it leads to neither hydrolysis nor
condensation of the starting materials, it demonstrates
that if an ester is present in such a reaction mixture,
it could be responsible for alcoholysis or transesteri-
fication reactions as illustrated in eq 49.22

M(OR), + xR’CO,R” —
M(OR),_,(OR”), + zR’CO,R (49)

The importance of controlling the functionality at
the metal center has been demonstrated in the reactions
described in eqs 50 and 51. The reaction of eq 50

Sn(O-t-Bu), + Me,SiOAc —
(Bu-t-0),Sn(0SiMe,) + t-BuOAc (50)

Sn(OAc), + Si(OEt), — no reaction (51)

successfully gave ester elimination (as determined by
NMR and GC-MS), but the reaction of eq 51 did not
result in any new products (as determined by NMR
spectroscopy), even on heating to 80 °C.212 The ester
elimination reaction to prepare metal oxo—alkoxide
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OR C!)R ?R ‘ Ci)R
RO- '{i—O—Pb(OAc ) RO-Ti-O-Pb-0- Ti-OR  RO- {i-O-Pb-OR’
|
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I 1l i

Figure 59. Proposed structures formed on ester elimination
between Pb(OAc), and Ti(O-i-Pr),.

compounds has been used extensively by Teyssie et
al.,213-216 where, in an early example, the reaction of an
aluminum alkoxide with iron(II) acetate resulted in
formation of the corresponding iron aluminum oxo—
alkoxide according to eq 52. These species were

2A1(OR), + Fe(OAc), —
Fe[OAI(OR),], + 2ROAc (52)

prepared to investigate their catalytic activity. Un-
fortunately, the details of these synthesis have not been
published in the open literature. These species are
thought to be oligomeric in solution as a result of the
formation of bridging oxide and alkoxide ligands in an
analogous fashion to metal alkoxide compounds. The
degree of association was calculated from cryoscopic
measurements and examples include M{OAI(OR).]},,
where M =Zn, R =n-Bu,n =6; M = Co, R = n-Bu,
n=41;and M = Co, R = i-Pr,n = 2. Itis interesting
to note that for Zn[OAl(O-n-Bu):],, n = 8 for a fresh
solution, but on standing for 2 days a value of n = 6 was
observed, indicating the presence of time-dependent
phenomena in these solutions. Teyssie et al. have
proposed that the size and shape of oxo—alkoxide
aggregates can be controlled by modification of three
parameters: the nature of the alkoxide groups, the
nature of the central metal, and the nature of the
solvent,213

The use of ester eliminations reactions was identified
in the reaction between lead(II) acetate and Ti(O-i-
Pr), in the work of Gukovich and Blum.?16217 They
dehydrated lead(II) acetate by refluxing the hydrated
salt in 2-methoxyethanol and then reacted it with Ti(O-
i-Pr), in refluxing 2-methoxyethanol to liberate an
undetermined amount of isopropyl acetate. They also
proposed that a number of bi- or trimetallic mixed-
metal oxo—alkoxide species were formed and speculated
on their structures, which are shown in Figure 59. This
system was also investigated by Dekleva et al.'8 These
workers found that refluxing lead(II) acetate trihydrate
in 2-methoxyethanol results in formation of basic lead
acetate, Pb,O(OAc)¢-H:0, with liberation of 0.5 equiv
of ester (eqs 53 and 54) in contrast to the results of
Payne et al.,!% where the lead acetate trihydrate was
first dehydrated. Thereaction of the basiclead acetate

4Pb(OAc), + H,0 — Pb,0(0Ac), + 2HOAc  (53)

HOAc + ROH — ROAc + H,0 (54)

with titanium isopropoxide was then thought to be
responsible for the formation of the mixed-metal oxo
species, but they proposed that extended polymers were
unlikely to be formed on the basis of the reaction
stoichiometry. It was also shown that more ester was
eliminated on reaction with Ti(O-i-Pr),. In the same
paper, these authors also addressed the observations
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of Payne et al.'% that, in this system, the lead titanate
precursor powders derived from Ti(O-i-Pr), differed
from those derived from Ti(O-n-Pr),according to DTA
data. At first glance this seems strange, as Dekleva et
al. point out, because it might be expected that trans
alcoholysis reactions would result in virtually complete
replacement of the titanium alkoxide ligands when
2-methoxyethanol is used as asolvent. However, these
reactions will depend markedly on the reaction con-
ditions. Thereplacement of the primary alkoxide O-n-
Pr ligand by another primary alkoxide ligand, 2-meth-
oxyethoxide, is likely to be slow unless forcing conditions
are used, and the hydrolysis of primary alkoxides is
known to be fast.

According to a later paper of Hayashi and Blum,?1¢
the reaction between Ti(O-i-Pr); and Pb(OAc); resulted
in a distillation product which was thought to be
composed of isopropyl acetate together with a small
amount of 2-propanol as determined by Raman spec-
troscopy.

The addition of acetic acid in the sol-gel processing
of metal alkoxide compounds has been used to prevent
precipitation. For example, when acetic acid is added
tosolutions of titanium(IV) alkoxide compounds, stable
transparent sols and gels can be reproducibly obtained.
These colloidal materials can be used to deposit
electrochromic TiO; coatings. The role of acetic acid
in these systems has recently been investigated. The
crystalline compound Tig(0-n-Bu)s(0Ac)sO4 was ob-
tained from the reaction of 2 equiv of acetic acid with
1 equiv of Ti(0O-n-Bu),.1** Itis believed that the acetic
acid promotes an esterification reaction and the pres-
ence of butyl acetate was identified by infrared spec-
troscopy. This leads to generation of water, in situ,
which promotes hydrolysis and condensation reactions.
The following reactions have been proposed to account
for these observations:

6Ti(0-n-Bu), + 12AcOH —
Tig(OAc)4(0-n-Bu),¢ + 8n-BuOH + 4HOAc (55)

8n-BuOH + 4HOAc —
4n-BuOAc + 4H,0 + 4n-BuOH (56)

Tig(OAc)g(0-n-Bu),; + 4H,0 —
Tig(0-n-Bu)g(0OAc)O, + 8n-BuOH (57)

The overall reaction can be written as:

6Ti(0-n-Bu), + 12AcOH —
Tig(0-n-Bu)4(0OAc)0, + 12n-BuOH + 4n-BuOAc
(58)

In another example, Al(O-s-Bu); was reacted with
acetic acid to liberate s-BuOH.220 It was proposed that
the alcohol in turn reacted with the acetic acid present
to form the corresponding ester and liberate water. The
water reacted with the remaining alkoxide ligands to
produce aluminum basic acetate, AI(OH)(OAc);, which
was insoluble in the reaction solvent (diethyl ether)
and precipitated (eqs 59-61). The formation of the
ester was supported by a comparison of the IR spectra
of the starting materials and products. Inthe presence
of an excess of acetic acid, a new »(C=0) band was
observed that was attributed to s-BuOAc.
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Al(O-s-Bu); + 2HOAc —
Al(O-s-Bu)(OAc), + 2HO-s-Bu (59)

HOAc + HO-s-Bu — s-BuOAc + H,O  (60)

Al(0-s-Bu)(OAc), + H,0 —
Al(OH)(OAc), + HO-s-Bu (61)

Yttria-stabilized zirconia was prepared by the elim-
ination of butyl acetate from the reaction between
Y(OAc)s and Zr(O-n-Bu), according to eq 62.22! The

Y(OAc); + Zr(O-n-Bu), —
Y(0OAc),[0Zr(0O-n-Bu),]JOH + C H; +
n-BuOAc (62)

evidence and origin for the formation of butene was
not discussed. The ester and some additional n-BuOH
were identified by gas chromatography. Thestructural
integrity of this product was not confirmed by spec-
troscopic techniques.

In some cases, metal acetates react with metal
alkoxides to form mixed-metal species which do not
undergo ester elimination. A recent example is shown
in eq 63, where divalent metal acetates were reacted

M(OAc), + 2Nb(O-i-Pr), —
MNb,(OAc),(0-i-Pr);, M = Mg, Cd, and Pb (63)

with Nb(O-i-Pr);.%° The Mg derivative was structurally
characterized in the solid state and found to contain
bridging acetate ligands as expected. The solid-state
structure isshown in Figure 60. The Cd and Pb analogs
exhibited a single resonance in the solution 13Cd and
207Pb NMR spectra consistent with the presence of a
gingle species in solution. In contrast, Ba(OAc); does
not react with Nb(O-i-Pr); at room temperature, but
its reactivity was overcome by adding acetic acid to the
reaction mixture, which led to formation of a gel.
Anhydrous, basic zinc acetate, Zn,O(OAc)s, also reacted
with Nb(O-i-Pr)s, but the products were not identified.®®

Hydrolysis of MgNbs(OAc):(0-i-Pr);p resulted in
formation of a reactive powder which still contained
acetate ligands and evidence for the elimination of
isopropyl acetate was proposed from v, (C-0), as
determined by FTIR. The reaction of lead(II) acetate
with Ti(OEt), resulted in formation of a hexane-soluble
oxo species formulated as PbTi,0(0Ac),(OEt)g, which
was proposed to exhibit a triangular framework based
on NMR data.?® The formation of an oxo cluster was
confirmed by a single-crystal X-ray diffraction analysis
for the reaction of Zr(O-i-Pr), with lead(II) acetate
(Figure 61). The species PbZrs(ut-0)(u-OAc);(u-O-i-
Pr);(0-i-Pr); was isolated from this reaction when
[Zr(O-i-Pr)4(HO-i-Pr)], was added to Pb(OAc); in
toluene. Each Zr is 6-coordinate and the lead atom is
6-coordinate, assuming the presence of a stereochem-
ically active lone pair in the vacant coordination site.
This species is structurally analogous to Cey-
0O(0-i-Pr)14(HO-i-Pr),180-162 No mention of the origin
of the oxide ligand was made. Hubert-Pfaltzgraf et al.
have commented on the order of addition of reagents
in these systems.?? They have observed that, in the
lead/zirconium system described above, the same
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Figure 61. Solid-state structure of PbZr3(us-0)(u-OAc)2(u-
0-i-Pr)5(0-i-Pr1)s.

Figure 62. Solid-state structure of [Gd(OAc);Zr;0(0-i-
Pr)iole

solution 27Pb NMR spectrum was observed regardless
of the order of addition of the reagents. However, they
note that a Zr-rich species, analyzing as PbZr,O-
(OAc)2(0-i-Pr)14, was isolated when Pb(OAc); was
added to [Zr(O-i-Pr),(HO-i-Pr)]s.

In contrast to these observations, Gd(OAc); does not
react with Zr(0-i-Pr), at room temperature, but the
metal acetate was observed to dissolve on heating.®
The species [GAd(0Ac)3Zr;0(0-i-Pr) o], was formed in
high yield (85%). A solid-state structural study re-
vealed a structure analogous to that of PbZrs(u*-O)(u-
OAc)s(u-0-1-Pr)s(0-i-Pr)s. Gdis7-coordinate while all
the Zr atoms are 6-coordinate (Figure 62). In this case,
ester formation was not observed and the oxo ligand
was thought to be derived from the thermal decom-
position of an alkoxide ligand. However, when the O-i-
Pr ligand is replaced by the more reactive OCH;-
CH,;0Me ligand, reaction between Ln(OAc);, Lnh = a
lanthanide, and Zr(OR); occurs at room temperature
to form an adduct, in the case of yttrium, YZr-
(OAc)3(OCH,CH;0Me),.22 On heating, this species
reacts to form an insoluble product which has a v,,(C-
O) stretch analogous to that of (2-methoxyethoxy)-
acetate, signifying the elimination of an ester group.

5. Conclusions and Future Directlons

It is clear from the discussion above that even the
simplest multicomponent metal~organic precursor sys-
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tem exhibits extremely complicated reaction chemistry.
Unfortunately, few systems have been studied where
the reaction intermediates have been, or very often,
can be, unambiguously characterized. Itisalsodifficult
to draw definite conclusions from comparisons between
systems because generally more than one variable is
changed. We feel that the perovskite-phase system
reviewed here is representative of other (non-silicate)
metal oxide systems both in terms of complexity and
the level of understanding of fundamental chemical
transformations at the molecular level. From the
comparison of the information available from spectro-
scopic studies of systems reviewed in section 3, which
lead to formation of perovskite-phase metal oxides, and
studies of molecular systems, where very often inter-
esting species have been isolated that are not necessarily
en route to interesting materials, a number of common
phenomena are apparent.

Alcoholysis reactions are clearly important in systems
where a metal alkoxide is dissolved in a different alcohol
as a solvent. This is especially pertinent to the cases
where (i) the pK, of the alcohol solvent is lower than
the alcohol derived from the alkoxide ligands of the
metal-organic complex and (ii) where the steric de-
mands of the alcohol solvent are less than those of the
alcohol derived from the alkoxide ligand. Furthermore,
it might be expected that if the alkoxide ligand has
other functional substituents, such as is the case of
2-methoxyethanol, the chelate effect might play a
crucial role in controlling the reaction rates and
coordination environment of the metal center during
subsequent reactions. However, in the majority of
complexes containing 2-methoxyethanol or 2-methoxy-
ethoxide ligands that have been characterized in the
solid state and in solution, it appears that the ether
oxygen often prefers to dangle rather than chelate. This
effect, no doubt, enhances solubility in polar solvents,
but may not play as marked a role in controlling
aggregation phenomena as might be anticipated if the
ether oxygen was coordinated to the metal center, as
in the case of 8-diketonate ligands (see Figure 30).
Polyether alkoxide ligands or polyether alcohols seem
to be more effective in binding to the metal center, as
demonstrated by a number of studies of the molecular
chemistry of these complexes and processing studies
(see section 4). In the few amino alkoxide compounds
that have been structurally characterized, it appears
they exhibit stronger propensity for coordination of
the amine lone pair to the metal center compared to
analogous ether oxygen lone pair coordination. We
therefore conclude that amino alcohol solvents are likely
to be more effective in reducing the rates of hydrolysis
of metal alkoxide compounds compared to ether alcohol
solvents. Interestingly, it has been observed that
aleohol amine solutions (such as triethanolamine) of
titanium(IV) and tin(IV) alkoxide compounds are
indefinitely stable with respect to precipitation on
addition of a large excess of water in air.222-22%5 However,
it should be noted that the preference of the donor
atom for the metal depends on the nature of both the
donor atom and the metal center. Some predictions
may be possible through hard/soft, acid/base con-
cepts.178

Ligand exchange reactions between metal-organic
complexes which contain different ligands are also
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prevalent in these systems. This is likely to be
important where one type of ligand is used to control
some aspect of the reaction chemistry as in the case of
modified metal alkoxide compounds (Figure 30). Where
the dimensionality of hydrolysis is expected to be
controlled by preferential reaction of one ligand in the
presence of another, ligand transfer reactions are likely
to alter this reaction pathway and lead to a loss of
regiochemistry. However, this may be advantageous
where two different homoleptic metal-organic precur-
sors are mixed in solution. These species are likely to
have markedly different hydrolysis rates, especially
where one is an alkoxide compound, and ligand ex-
change processes may result in more comparable rates
of hydrolysis. Such reactions have been observed in
molecular systems.

Reactions between different metal-organic precursors
can lead not only to ligand exchange but also the
formation of mixed metal species. In many cases, few
precautions are taken to control the stoichiometry of
the possible intermediates formed, via ligand-controlled
reactions for example, and it is possible that the
intermediates do not have the appropriate stoichio-
metry desired for the final metal oxide material. This
has been demonstrated in a number of cases on simply
mixing metal-organic precursors (e.g. SryTi(0-i-Pr)g-
(HO-i-Pr)5,1™ PbZr3(0)(0-i-Pr);,*®) and on partial hy-
drolysis in these systems (e.g. BayTi;30;5(0OCH,CH;-
OMe)2,™Y). The effects of formation of these species as
reaction intermediates on the formation of the final
ceramic materialsis not clear at thisstage. Inanumber
of cases, mixing metal organic precursors has resulted
in formation of “single-component” precursors, i.e.
molecular species with the same stoichiometry as that
desired for the final metal oxide material (LiNb-
(OEt)g,18 ZnSn(OEt)e, 13" BaTi(OCH,;CHOMe)¢™). The
control over stoichiometry in such systems has yet to
be demonstrated unambiguously. We speculate that
the lack of control over these reactions and possibly
that a variety of species with different metal atom ratios
may be formed might be responsible for the high
crystallization temperatures or long thermal treatments
necessary to convert many of these intermediates to
metal oxide materials, (see Figure 1, part iii). To
elucidate this point, a series of carefully designed and
executed experiments are required with the appropriate
controls.

Reactions between the ligands in these systems
resulting in elimination of organic fragments is also an
important aspect, especially the possibility that metal
carboxylates can react with metal alkoxide compounds
to generate metal oxo species and organic esters. There
is the possibility of ambiguity in these systems, however,
where hydrolysis (either accidental or intentional) can
lead to formation of oxo groups and the FTIR bands
attributed to formation of an ester may be derived from
the presence of a free carboxylic acid. However, alarge
number of reactions have been carried out in which
data that is consistent with ester elimination have been
obtained and lend credence to this pathway. In a
number of cases the ester has been identified, unam-
biguously, by spectroscopic methods.

We had hoped to draw more precise conclusions from
a comparison of the studies of model systems and
systems that lead to perovskite-phase materials. How-

Chandler et al.

ever, due to the complexity of these systems and the
large number of reaction variables, only broad conclu-
sions concerning the likelihood for common reaction
phenomena are possible at this stage. To make
significant advances it seems reasonable to pursue
studies of model systems and if possible make them
more accurately model routes to specific ceramic
materials. Model studies are useful to determine the
variety of coordination modes possible for ligands that
are typically used in real systems. A similar situation
has been encountered in the evolution of organometallic
chemistry where molecular models for likely catalytic
intermediates were sought. In a number of cases,
particular binding modes of unsaturated organic ligands
to metal atoms were well-characterized in the molecular
chemistry literature before they were observed to be
formed in reactions of organic molecules with metal
surfaces, 226,227

One of the problems associated with deriving mo-
lecular information in systems that ultimately yield
useful ceramic materials is the difficulty in character-
ization of the amorphous phase. In this sense, metal—
organic species in solution can be considered “amor-
phous” since they lack long range 3-dimensional
structure. Development of new and existing techniques
will probably be crucial to deriving an understanding
of fundamental aspects of the reaction chemistry in
these systems. In this context, while single-crystal
X.-ray diffraction data reveal interesting and valuable
structural information, it is generally not possible to
make a connection between the solid-state and solution
structures of metal-organic species in these systems.

Infrared and Raman spectroscopies have been used
for the characterization of metal oxide materials and
their precursors. Unfortunately, many of the assign-
ments are only tentative. For example, the difference
between symmetric and asymmetric »(C-0) stretching
frequency in metal carboxylate compounds has been
used extensively as a method for determining the
coordination mode of the carboxylate ligand in these
complexes. However, as Deacon et al.!l! have pointed
out, these assignments are only tentative, even in cases
where a sound body of model compounds has been
prepared and characterized as a data base. Synthetic
chemists could make a significant contribution to this
aspect by more carefully characterizing molecular
species where the structure of these species has been
determined unambiguously by other methods (such as
single-crystal X-ray diffraction). Raman spectroscopy
is a useful tool in probing the local coordination
environment of intermediates formed from the reactions
of metal-organic compounds. Several papers have
appeared concerning the determination of bond length-
bond order relationships derived from a series of model
metal oxide compounds, and in favorable cases, coor-
dination environment can also be determined.??®

EXAFS is an alternative method that shows great
potential for the structural characterization of amor-
phous materials.??® It has been used extensively in
studies of extended amorphous materials, such as
zeolites, and in molecular chemistry. However, it is
again necessary to provide an accurate data base of
information of structurally characterized comparative
species on which to base the interpretation of these
data.
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Solid-state NMR spectroscopy is a technique that
has been used extensively in the silicate system and is
now being extended to the characterization of other
materials using less common nuclei. In a number of
systems valuable information concerning coordination
number and geometry can be discerned.?® Solid-state
27A1 NMR spectroscopy can be used to distinguish
octahedral and tetrahedral Al coordination environ-
ments in the solid state. This method is also convenient
to follow the course of a thermal treatment in situ. The
extension of solid-state NMR spectroscopy to perovs-
kite-phase materials is somewhat limited by the suit-
ability of the NMR-active isotopes of the elements
involved. While the group 4 (4°Ti, #'Ti, and %'Zr) and
group 2 (43Ca, 8"Sr, 137Ba) elements have NMR-active
isotopes, they do not possess high receptivity and in
some cases have not been studied in great detail.?3!-233
However, the situation is different for 27Pb NMR
spectroscopy, where the relative receptivity is high and
the nucleus is dipolar (I = 1/).2%¢ There are limited
207Ph chemical shift data available in solution for metal-
organic lead compounds?35-237 and most data are avail-
able for organo lead(IV) compounds.?¥ A number of
207Ph NMR chemical shifts have been reported for
lead (IT) alkoxide compounds, but these data have yet
to be interpreted as a function of a property of the lead
coordination environment.®” Thisis in contrast to1°Sn
NMR spectroscopy of tin(IV) alkoxide compounds,
where for a given ligand environment a unit change in
coordination number gives rise to a chemical shift
change of approximately 150 ppm.23%240 Ag a result, it
is possible to use 11%Sn NMR chemical shifts to derive
information concerning coordination number of reac-
tion intermediates in reactions to form stannates.?4!:242
An analogous data base of information has not yet been
established for 2"Pb NMR spectroscopy although
similar correlations should be possible. In fact due to
the larger chemical shift range of 27Pb NMR compared
to 11%Sn, more subtle information, such as changes in
coordination geometry within a given coordination
number, may be discernible. However, it has been
demonstrated that 2°"Pb chemical shifts are very
sensitive to solvent and concentration effects and care
will be needed to avoid ambiguous results.!®® There
are a number of reports of 27Pb NMR chemical shifts
in model systems and those that lead to perovskite-
phase materials, but in the absence of a data base, the
chemical shift information is rarely useful. Solid-state
207Pb NMR spectroscopy has not been investigated
extensively, and few chemical shifts of metal-organic
lead complexes have been reported. The paucity of
data is probably the result of the large chemical shift
anisotropy, the lack of information concerning 27Pb
and 'H (for cross polarization (CP) experiments)
relaxation times and the frequent absence of protons
from which to cross polarize. However, an example of
the potential utility of solid-state CP/MAS 207Pb NMR
spectroscopy was recently demonstrated in the char-
acterization of a number of model lead carboxylate
systems (see section 4.5).19°

Studies based on these techniques in both model
systems and those that lead to perovskite-phase ma-
terials are likely to yield valuable information con-
cerning reaction pathways and mechanisms. Further
studies directed at controlling the evolution of structure
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by devising new methods to control the rates of
hydrolysis and condensation would also be valuable.
Use of modified metal alkoxide compounds has been
discussed in section 3 as one method to achieve these
goals and some preliminary aspects have been dem-
onstrated in monometallic systems. A number of other
methods have been described recently. Buhro et al.243
have proposed a number of nonhydrolytic processes
for converting metal alkoxide compounds and related
precursors to intermediate gels and then to metal oxides.
These processes use reagents other than water to cause
hydrolysis with the possibility of different kinetics with
the result that gels with different structures may be
formed which would expand the capabilities of sol-gel
processing. In one form this process involves the
reaction of metal alkoxide compounds, especially
zinc(II) alkoxide compounds with acetone according to
eqs 64 and 65, which results in formation of a gel

0 ]
basic
+ —_— -
catalyst

0

I,

0

[

dehydration (64)
~H,0
o Colls
4 /U\+ Zn(0CEY ), ———=— [GEL]

]
acetone
—_—— Jﬁk + ZnO(H;0) + 2Et,COH (65)

mesityl oxide

ultimately liberating zinc oxide, the alcohol, and mesityl
oxide via dehydration of the aldol condensation product.
An aldolate complex of zinc(II) was isolated as an
intermediate in these reactions, and the overall reaction
mechanism was proposed to contain the steps identified
in Figure 63. Where the metal alkoxide is nonbasic,
such as in the case of Ti(O-i-Pr),, no reaction was
observed with acetone. However, a number of steps
can be taken to overcome this problem. The alkoxide
ligands can be substituted for more basic ligands such
as amido groups, in which case reaction with acetone
was observed. Alternatively, the metal alkoxide com-
pound can be reacted with diacetone alcohol directly,
which in the case of Ti(O-i-Pr), resulted in a gel forming
reaction.

Significant advances have yet to be made in the design
of ligands for the thermally or photochemically induced
decomposition of metal-organic compounds to form
metal oxides. The thermal reactivity of metal alkoxide
compounds has been investigated for Ti(OR), systems
and provides useful insight into reaction mechanisms.4
The reaction of Y5(0)(0-i-Pr);3 with acetylacetone
resulted in the unexpected formation of Ys(u-OAc)s-
(acac)4(H30),, in which the acetate ligand was thought
to be derived from thermal decomposition of a #-dike-
tonate ligand.?*5 The photochemically induced rear-
rangement of metal alkoxide chromophores to liberate
hydroxide ligands, according to the reaction of eq 66,
has also been studied as an alternative to hydroly-
8is.243.246 The metal-based photochemistry of Ce,(O-
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Figure 63. Proposed pathway for the acetone-induced sol-gel reaction.

R3Sn—0/—-©——> RsSn—OH + /E\ NO; (56)
Nof “¢Ho

and other products

i-Pr)g-2(HO-i-Pr) has been studied and irradiation with
Indiana sunlight for 50 h gives the mixed valence species
Ce;0(0-i-Pr);3(HO-i-Pr) 247

The design aspects of a number of hydroxy carbox-
vlate and hydroxyimino carboxylate complexes has
recently been discussed.?*® In one example, zirconium
bis[2-(hydroxyimino)propionate] thermally decom-
posed at 186 °C to give ZrQ, directly, and furthermore,
this species is very soluble in a number of organic
solvents, which is likely to facilitate processing from
these species. It was proposed that the low activation
barrier to thermal decomposition might be the result
of the mechanism proposed in eq 67, where rearrange-
ment leads to the evolution of acetonitrile and CO,,
which were observed as volatile byproducts.

o ZrO, + 2 MeCN
R A —® .2C0, 67)

Monolithic metal oxide gels have also been formed
by the nonhydrolytic reaction between metal halides
and metal alkoxides according to the general reaction
described by eq 68.249 Crystalline SiO,, TiO,, and Al;O;

MC], + M(OR), —~ 2MO, + 4RCl (68

have been prepared by this method and it can be
envisaged that this technique will be extended to other
materials.

Inverse micelle microemulsions have been used to
control the extent of hydrolysis and condensation
reactions in titanium and iron alkoxide compounds.
Monolithic gels were produced by this technique.20
Ultrasound methods have also been used to generate
zinc oxide colloids containing monodispersed particles
from the reaction of zinc acetate with ethanol at 80
°C_251

In summary, further studies utilizing carefully de-
signed experiments are required to elucidate the
chemistry involved in metal-organic routes to perovs-
kite-phase materials. Once the level of understanding
of mechanistic aspects is developed to a stage where
control over chemical properties such as stoichiometry
and homogeneity can be exhibited, it remains to be
seen whether this level of control is useful in determining
the physical properties of the final material.
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