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Sol-gel processing of ceramic powders, fibers, and thin
layers has attracted attention as an emerging technology
for the possible control of stoichiometry, homogeneity,
and reactivity of ceramic materials which can be processed
at reduced temperatures.l? Early success was reported
for silicate systems, including optical glass and corrosion
and scratch-resisting coatings, which were prepared from
silicon alkoxides.® The underlying chemistry in the
hydrolysis—condensation of orthosilicates was probed, and
afair understanding of the structural (including molecular
and microstructural) evolution from sol to gel to glassy or
crystalline ceramics was established.# More recent efforts
have centered around the use of the sol-gel method to
prepare nonsilicate multicomponent oxides, for example,
ferroelectric, superconducting, and magnetic ceramics, in
various shapes and forms.>8 However, our knowledge of
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the chemical processes is limited, as the properties of
alkoxides of the highly electropositive elements are
significantly different from those of silicon.”

Lead zirconate titanate (PZT, PbZr.Ti;.O3, x = 0-1)
crystalline solutions are industrially important electro-
ceramics which find use in piezoelectric transducers,
electromechanical actuators, and pyroelectric detectors.®
At the present time, many research groups are attempting
to integrate PZT-based ceramics in thin-layer form on
substrate materials, including semiconductors, for non-
volatile computer memories, electrooptic connectors, and
other microelectronic applications. Consequently, the use
of various deposition methods, including sol-gel processing,
is under investigation. However, detailed studies of the
solution chemistry involved in sol-gel processing have
lagged behind the development of technology. Previously
reported characterization data for PZT precursor solutions
were obtained by FT-IR and 'H and 3C NMR spec-
troscopies, from which only a limited amount of informa-
tion was deduced on the exact structures of soluble
metalloorganic species.®1! In reality, a large variety of
metalloorganic starting materials have been used, together
with additives and solvent systems, which were chosen
primarily by empirical reasons. Concurrently, PZT thin
layers with a wide range of electrical properties have been
reported in the literature, making it impossible to isolate
and control the effect of each individual processing
parameter on the resulting microstructure—property rela-
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tions.12 Therefore, it is obvious that a basic understanding
of the chemistry, starting from the study of precursor
solutions, to the development of desired crystalline
microstructures, is ultimately necessary for the potential
large scale manufacture of PZT thin layers with repro-
ducible properties.

We have undertaken an investigation into the nature of
a PZT precursor solution and the results are reported here.
Anhydrous lead acetate (Pb(OAc)s), zirconium tetra-
ethoxide (Zr(OEt),), and titanium tetraethoxide (Ti(OEt)y)
were selected as starting materials due to their commercial
availability and ease of preparation,’® as well as our
previous success in isolating a lead—-titanium oxoaceta-
toethoxide complex [PbTis(us-0){OOCCH3)(OCH,CHs)11:
from Pb(OAc), and Ti(OEt)..!® In addition, the same
starting material combination with a proper additive has
been used to prepare highly oriented PZT thin layers.!
We observed that a homogeneous ethanol solution con-
taining Pb(OAc)s, Zr(OEt),, and Ti(OEt), starting ma-
terials in a 2:1:1 ratio could be prepared by heating the
cloudy suspension toreflux.’®> When the precursor solution
was hydrolyzed with 2 equiv of water for each equivalent
of lead atom (Ry = 2), an opaque gel formed quickly at
room temperature, which could be transformed into the
perovskite phase PZT (x = 0.5) after heat treatment
between 600 and 700 °C. By cooling the same precursor
solution, a white polycrystalline solid was isolated and
vacuum dried. The dried powder was no longer soluble
inany organicsolvents, including the parent ethanol, even
under boiling conditions. Therefore, characterization was
limited to elemental analysis and IR spectroscopy.l®
Results of the former experiment indicated this compound
contained lead as the only metal element, and the IR
spectrum of this lead-only compound was identical to that
of Pb(OAc);. This possibly suggests that not all the Pb-
(OAc); reacted with Zr and Ti ethoxides to form hetero-
metallic complexes with the 2:1:1 composition (i.e., PZT
50/50).
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Figurel. Comparison of the 'H NMR (benzene-dg, 20 °C) spectra
of compound 2 isolated from the PZT precursor solution and
authentic [PbTix(us-0)(OOCCH;3)(OCH,CHs)71;. Resonances
labeled with * are due to contamination from compound 1.

The dissolution behavior of 2 mol of Pb(OAc); in an
ethanol solution of 1 mol of Zr(OEt), and 1 mol of Ti-
(OEt), (i.e., where heating was necessary for the formation
of a clear solution), and the isolation of unreacted Pb-
(OAc); from this solution, prompted us to examine the
reaction of Pb(OAc)s, Zr(OEt),, and Ti(OEt)4 in a 1:1:1
ratio. Thus, when a solution of zirconium and titanium
ethoxides prepared by heating in refluxing ethanol was
combined with an ethanol suspension of Pb(OAc), in the
prescribed stoichiometry, a clear solution formed within
minutes at room temperature after the completion of
solution transfer, indicating the formation of heterome-
tallic species which requires a complete consumption of
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was isolated after 1 week (0.082 g). 'H NMR spectrum (benzene-dg, 20
°gﬁ of s%id 2 was identical to that reported for [PbTis(1-0)(OAc)-
(OEt)7]s.
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Figure 2. Perspective drawing of [PbZr;(u-0)(OOCCH3)3(OCHy-
CHy)els. Selected average M-O bond lengths (A): Pb-g,-0, 2.32;
Pb-u-O(Ac), 2.60; Pb-u-O(Et), 2.46; Zr-u3-0, 2.17; Zr-u-O(Ac)
(chelating), 2.29; Zr-u-O(Ac), 2.11; Zr-u-O(Et), 2.13; Zr-u-O(Et),
1.99.

Pb(OAc)s. The observation was similar to previous reports
for the dissolution of alcohol-insoluble metal acetates, such
as Pb(OAc)3,1317 Cd(OAc),,18 and Gd(OAc)s,1? and the
formation of heterometallic complexes. From the present
reaction mixture, two white crystalline solids were sepa-
rated and characterized.2? 'H NMR spectroscopy con-
firmed one of these species (2) to be the known compound
[PbTiz(u4-0)(OOCCH;3)(OCH.CHa)7l: (see Figure 1).13
The other compound (1) is a new species, which contains
lead and zirconium in a 1:2 ratio as determined by
elemental analysis.

Formulation and structural characterization of com-
pound 1 was achieved by a single-crystal diffraction study.2
It is revealed that the discrete molecule has the formula
of [PbZry(us-0)(OOCCH3)2(OCH2CH3)gl: and adopts a
M,M’ dimeric structure.?2 A perspective drawing of the
molecule without the hydrogen atoms is shown in Figure
2. Each of the two halves of the molecule is connected to
the other by one bridging acetate ligand (01d/02d-C11d-
C21d), one oxo ligand (Ola), and two bridging ethoxy
groups (02b-C12b-C22b and 02¢-C12¢-C22c). Alter-
natively, the structure can be viewed as two upside down
“PbZrs(us-0)” tetrahedra fused at a hypothetical Zr1-Zr1’
edge. Itisnoteworthy that PbZrs;(us-0)(0OAc)2(OPri);ohas
been reported,’” and compound 1 is related to it by the
elimination of two Zr(OEt), molecules upon dimerization.
In fact, the lead cations in both compounds have a
pentacoordination geometry. In addition, the average
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A total of 4880 independent absorption-corrected (u,(Mo Ka) = 7.10
mm-!) reflections having 28 (Mo Ka) < 50.7° were collected on a computer-
controlled Nicolet autodiffractometer at 20 # 1 °C using full (0.90° wide)
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model which incorporated anisotropic thermal parameters for all non-
hydrogen atoms. Hydrogen atoms were not included _in the structural
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(2)° v = 65.03(2)°, V=13350(M A, Z=1.
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value for the various types of metal-oxygen bonds lengths
are very similar (see caption for Figure 2). However, a
major difference does exist between these two lead-
zirconium complexes in that each zirconium atom in PbZr;-
(14-0)(0Ac)2(0OPr¥)4 has six surrounding oxygen anions
while in compound 1 the zirconium cations are heptaco-
ordinated. The difference in coordination number for
zirconium between the two compounds may arise from
steric reasons, i.e., the metal cations require maximum
space filling in their ligand spheres and OPri and OEt
groups have different abilities to fulfill this requirement.
It is also noteworthy that if the heptacoordination around
Zr cations is preserved after [PbZrs(1-0)(OAc)2(OEt)gle
undergoes hydrolysis and condensation, it may present
an obstacle to perovskite phase development from the gel
because a reduction in oxygen coordination number from
seven to six is required.

The presence of an oxo ligand in [PbZrs(us-0)(OAc),-
(OEt)¢): is in good agreement with the observation that
reactions of Pb(OAc); and Ti(OR); or Zr(OR), lead to
spontaneous formation of oxo ligands by elimination of
ester or ether molecules from acetato and alkoxy lig-
ands.'317 The loss of a molecule of diethyl ether from two
ethoxy groups may explain the origin of the oxo ligand in
compound 1 since all acetate groups originated from Pb-
(OAc); are retained in the bimetallic species.

NMR studies indicat that compound 1 is not stable in
solution and more than one species exists in solution, even
when a nonpolar solvent is used, such as toluene. At
ambient and low (=90 °C) temperatures both the 'H and
13C NMR spectra of 1 are too complex to allow for an
individual listing of each resonance in footnote 20; however,
the observation of three singlets by 27Pb NMR spectros-
copy indicates three species have formed as 1 dissociates.
A similar behavior of instability in solution for a hetero-
metallic alkoxide was reported for PbgNb,(0)4(OEt)g4.23

The compositional heterogeneity indicated for the
ethoxide based PZT precursor solution may be charac-
teristic of other PZT formulations and account for the
relatively high crystallization temperatures (600-700 °C)
for this chemically derived compound compared with that
of LiNbOj; (perovskite phase crystallizes at 450 °C).2¢ In
the latter case, homogeneity in the molecular precursor
stage is achieved through the formation of a bimetallic
alkoxide with the correct stoichiometry. The implication
of these results is under investigation.
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