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Abstract

A zirconium alkoxide derivative, dibutoxybis(acety-
lacetonato) zirconium, was polymerized at 120°C
and 300 millitorr for 3 h to form oligomers, as
characterized by gel permeation chromatography
and Fourier transform infra-red spectroscopy. Pyrol-
ysis of the precursor at 675°C in flowing 5% H, in
N, followed by cooling to room temperature, pro-
duced nano-scale, tetragonal ZrO, considerably
below the tetragonal-to-monoclinic transformation
temperature (approximately 1200°C). Subsequent
heat treatment of the same precursor in flowing air
under otherwise identical conditions produced
approximately 8 vol% monoclinic ZrO,. The possi-
ble formation of oxygen vacancies from polymer
pyrolysis and their role in nucleating the metastable
tetragonal phase are discussed.

1 Introduction

It has been well documented'™ that the pyrolysis
of zirconium-based precursors produces a metastable
tetragonal phase below the monoclinic-tetragonal
transition temperature (approximately 1200°C)
with crystallite sizes reported in the range of 5 to
460 A.2? Several investigators,”” including Livage
et al' and Clearfield,® have speculated that the
metastability of tetragonal zirconia (t-ZrO,) is
attributed to the structural similarities between the
precursor phase and the tetragonal phase. In con-
junction with these structural similarities, Livage
et al.' and Osendi et al® discussed the nonstoi-
chiometry associated with the metastable tetrago-
nal phase. By crystallizing ZrO, from zirconyl
chloride in vacuo, Livage et al.! showed that a
nonstoichiometric tetragonal phase predominated,
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whereas crystallization in air produced the mono-
clinic phase. From electron paramagnetic reso-
nance studies on ZrO, crystallized from zirconyl
chloride, Osendi et al.® concluded that tetragonal
metastability results from lattice defects, specifi-
cally anionic vacancies, created upon crystalliza-
tion. More recently, Igawa et al’ refined crystal
structure calculations for the metastable tetragonal
phase using neutron diffraction and Rietveld analysis
on ZrO, crystallized from Zr(O(CH,);CHj;),. They
concluded that the crystal lattice coincided with
those of doped tetragonal structures rather than
pure t-ZrO, at 1200°C. However, in all of these
cases, the origin of nonstoichiometry is unclear.

In spite of this ambiguity, these conclusions
suggest that ZrO, crystal structure might be tailored
by the choice of precursor and processing. An
appealing application would be the formation of
t-ZrO, with a preferred orientation caused by the
processing of oriented, zirconium-based polymers.
For such a processing strategy to be successful,
the molecular configuration of the polymer must
influence the final crystal structure. Establishing
the existence of such a relationship relies on a full
understanding of the precursor-to-ceramic transi-
tion. However, what factors influence structure on
the molecular level during pyrolysis remain a criti-
cal issue not resolved in the literature. Although
our intent is to control zirconia crystallization, the
underlying goal is to address metallo-organic
decomposition from a molecular standpoint. In
this paper, we describe a mechanism by which the
molecular configuration of a zirconium-based
polymer might influence structural features in the
pyrolysis product.

2 Experimental Procedure

Dibutoxybis(acetylacetonato) zirconium (BAZ),
represented as:
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was obtained in a 60 wt% solution of n-butanol
(97% pure 2:1 (alkoxide-to-zirconium); the
remaining 3% is 1:1) from Gelest Inc., Tullytown,
PA, USA. The excess n-butanol was distilled from
the solution in vacuo, resulting in a yellow oil.
Similar to the method described by Yogo,' the
remaining BAZ was refluxed for 3 h at 120°C and
300 millitorr such that a reddish-brown gel was
formed upon cooling to room temperature. To
remove the retained solvent, samples were dried in
flowing 5% H, in N, (300 cm® min) at 200°C for
12 h, producing a fine orange powder. Samples
were then fired at 675°C in a flowing gas, either
H, in N, or air (300 cm*® min™'), and then allowed
to cool to room temperature.

Fourier transform infra-red spectroscopy
(FTIR), performed on a Nicolet 550 infra-red
spectrometer, was used to identify structural fea-
tures of the polymerized complex. The analysis
was restricted to vibrational energies in the mid-
infra-red spectrum, corresponding to a wavenum-
ber range of 4000-400 cm™. For this study, neat
samples were prepared by dispersing ground sam-
ples onto NaCl plates. Gel permeation chro-
matography (GPC), by Lark Enterprises, Webster,
MA, USA, was used to determine the relative
molecular weight and shape of the polymerized
complex in solution as compared with a
polystyrene standard. Styragel HR 2, 1, and 0-5
columns, employed for the analysis, were operated
at 37°C using tetrahydrofuran as the mobile
phase. A low molecular weight oligomer mix of
polystyrene was used as a standard for calibra-
tion. Transmission electron microscopy (TEM)
samples were prepared by grinding the samples
with a mortar and pestle into a powder that could
be applied to a graphite-coated Cu grid using ace-
tone as the carrying medium. A JEOL 2000 FX
operated at 200 kV was used to conduct bright-field
imaging and selected-area diffraction (SAD) studies.

X-ray diffraction (XRD) performed on a
Siemens D500 diffractometer with CuKa radia-
tion was used to determine the phases present and
the crystallite size using the Scherrer  equation
with respect to the {111} reflections.!' The mono-

clinic volume fraction, v, was calculated from the
linear intensity relationship

_ L1+ La10)
oA+ L1+ I(111)

(1)

where the subscripts m and t represent monoclinic
and tetragonal, respectively. Although eqn (1) is
consistent with literature on this topic, several
investigators'>!* have demonstrated that v, calcu-
lated from eqn (1) can deviate from the actual v,
as much as 20% at v,, = 0-46. Modifications based
on structure factor calculations have been sug-
gested,'”” unfortunately, an accurate diffraction
model for metastable ZrO, that addresses stoi-
chiometry and corresponding ionic position remains
to be developed.

3 Results and Discussion

3.1 Molecular structure

The FTIR spectra in Fig. 1 impart information
regarding the molecular structure and the precur-
sor-to-ceramic transition of this organozirconium
complex. The peak assignments were made by
comparison to similar metal alkoxides'*'® and
metal bisacetylacetonate complexes.!”!® Table 1
lists the observed frequencies and band assign-
ments for this zirconium complex.
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Fig. 1. Fourier transform infra-red (FTIR) spectra of (a)
dried sample and (b) sample pyrolysed at 675°C.
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Table 1. Observed frequencies and band assignments of

cis-oligo[dibutoxybis(acetylacetonato) zirconium] (COBAZ)

dried at 200°C; v denotes siretching frequencies, 8 denotes
deformation frequencies

Observed frequencies Band Assignments

(cem™)

3350 v-OH

2920 v -CH

2850 v-CH

1550 vC=0

1453 6 —CH,

1420 6 -CH

1120 vC-0

1025 vZr=0

452 vZr-0O-Zr

The residual-OH bands in the spectra of the
dried sample (Fig. 1(a)) result from possible
hydrolysis of butoxy groups. The absence of
bands ascribed to acetylacetonate (acac), such as
Zr =0 and -CHj;, in the spectra taken of the
pyrolysed sample at 675°C in air (Fig. 1(b)) signify
bidentate ligand decomposition during the pyroly-
sis process, leaving only the Zr-O-Zr bonds.
These oxo bonds are consistent with investigations
by Barraclough et al.'> and Bradley et al.?® which
have shown that zirconium atoms, similar to other
metal atoms, can be electrostatically bonded as
follows:

Zr\
g

where R represents CH,(CH,), in this case.

Figure 2 shows the resulting GPC chromato-
graph of the precursor. The broad peak corre-
sponds to a wide range of molecules having
similar molecular weights, whereas the distinct
peaks correspond to large concentrations of
specific low molecular weight molecules. Prelimi-
nary GPC data indicated that the precursor
molecular weight was less than the monomer

O0—>7Zr
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Fig. 2. Gel permeation chromatograph (GPC) of cis-
oligo[dibutoxybis(acetylacetonato) 'zirconium] (COBAZ) in
-tetrahydrofuran.

Table 2. The molecular weight and average degree of polymer-
ization as determined by gel permeation chromatography (GPC)

Retention Molecular Degree of  Average degree
time (min) weight (g mol™!) polymerization of polymerization

29-15 335-99 0-77
28-65 434.91 1-00 0-98
28-35 507-75 117
27-60 74776 1.72
27-50 78736 1-81 1-91
27-12 95797 2-20
27-00 1019-18 2:34
2680 1130-00 2:60 2:90
2608 1638-58 377
26-04 1672-80 385
25-80 1893-35 435 424
2572 1973-16 4-54
2523 2540-95 5-84
24-68 337503 7-76 19-52
24-38 3940-24 9-06
24-10 4552-87 10-47
23-53 6110-13 14-05
20-42 30419-85 69-93

molecular weight, suggesting that the precursor
was retained in the column more readily than the
polystyrene standard; possibly due to apparent
molecular size or packing interactions. From this
observation, the molecular weight distribution was
normalized to the last eluted peak, corresponding
to the monomer molecular weight. Table 2 lists
the molecular weight ranges assigned to the
remaining peaks. Once normalized, the values of
the adjacent peaks 2, 3 and 4 correspond to a
dimer, trimer and tetramer, respectively.

The molecular architecture of these oligomers
depends on the cis- or trans-configuration of the
monomer as shown by Bradley and Holloway in
an analogous system.??? In their study, proton
nuclear magnetic resonance (H! NMR) analysis of
titanium bisacetylacetonate derivatives (Ti(acac),
(OR), where R represents Me, Et, Pri, Bu' groups,
etc.) demonstrated that the cis-isomer is favoured
over the trans-isomer. Following this premise, the
cis-monomers combine by alkoxy bridges, as
described by Thomas,” forming oligomers during
polymerization. The resulting oligomers, cis-
oligo[dibutoxybis(acetylacetonato)  zirconiumy]
(COBAZ), have a host of structural isomers
dependent on this cis-configuration and steric factors
associated with the organic ligands. Two possible
structures, a ‘linear’ and a cyclic configuration, “of
a tetrameric oligomer are depicted schematically
in Fig. 3. For clarity, the CHy(CH,); groups
bonded to the oxygens that bridge the zirconiums
together have been left off. Within the COBAZ
backbone, each zirconium has an eight-fold coor-
dination with oxygen; however, each zirconium in
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Fig. 3. Molecular structures of (a) ‘linear’ and (b) cyclic tetrameric cis-oligo[dibutoxybis(acetylacetonato) zirconium] (COBAZ).
Hydrogen atoms and alkyl groups have been omitted for clarity.

the terminal positions has a seven-fold coordina-
tion due to an unshared alkoxy ligand not used in
bridging, see Fig. 3(a). The acetylacetonate lig-
ands, which hinder reaction due to steric obstruc-
tion during the polymerization process,?* form the
perimeter of the oligomer.

3.2 Pyrolysis

Although the COBAZ XRD data do not demon-
strate any long-range order, brightfield imaging
and SAD in TEM show (see Fig. 4) COBAZ to
comprise nano-scale crystallites. Pyrolysing these
COBAZ crystallites under reducing conditions of
flowing 5% H, in N, produces a completely tetra-
gonal oxide (see Fig. 5(a)), black from incomplete

Fig. 4. Ttansmission electron micrograph (TEM) and seiected-
-. .- area diffraction (SAD) data of the dried precursor.

combustion of the organic material. The average
crystallite size, approximately 110 A, falls within
such a range that line broadening masks resolu-
tion of the {200}, {220} and {113} peaks. The
same sample annealed in flowing air under other-
wise identical conditions shows the emergence of the
(111) and (111) peaks of the monoclinic phase as
can be seen in Fig. 5(b). XRD data indicate that
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Fig. 5. X-ray diffraction (XRD) data-of sample pyrolysed at
675°C in (a) flowing 5% H,'in N5 "and (b) flowing air.
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after 12 h of exposure to oxygen in air, 8§ vol% of
the tetragonal phase with an average crystallite
size of approximately 480 A underwent a phase
transformation to m-ZrQ, with a crystallite size of
570 A. Furthermore, the resulting white powder
was more friable after exposure to oxygen, indica-
tive that the transformation had occurred.
Interpretation of this outcome can be related to
significant structural features on the molecular
level. Analogous to zirconyl chloride, COBAZ has
a similar molecular structure to the t-ZrO; crystal
lattice with the exception of the terminal posi-
tions. Upon heat treatment, the organic material
decomposes, allowing the alkoxy bridges to
undergo oxolation, the process by which the alkoxy
bridges convert to oxygen bridges. At this point,
the eight-fold coordination of zirconium within
the oligomeric chain is retained, which is also true
of the seven-fold coordination of the terminal zir-
conium. Upon pyrolysis, the terminal positions
become likely sites for lattice defects, more specifi-
cally oxygen vacancies. We propose that these
defects retained from the COBAZ structure are
instrumental in producing the tetragonal phase
during nucleation of the ZrO, crystallites under
oxygen-deficient conditions. A similar phe-
nomenon has been documented for other marten-
site systems in which point defects sustain
tetragonality.”® This inception of lattice defects

VAN
i i ro
‘Oxygen . Zirconium . Oxygen Vacancy

Fig. 6. Schematic of oxygen movement into oxygen vacancies

that act as dopants to stabilize the tetragonal phase of zirco-

nia during crystallization of a zirconium-based polymer. The

polymer is at a point in pyrolysis in which the organic material
has decomposed.

based on the initial structure of the precursor may
also explain the nonstoichiometry that Livage et
al.' and Osendi et al.* saw in their investigations.
Akin to the work of Igawa et al.,’ the resulting
nano-crystallite, metastable t-ZrO,_, should have
lattice parameters similar to those of doped zirco-
nias at room temperature. The probability of
transformation to the monoclinic phase during
this onset of nucleation may be relatively small
due to the crystallite size.® Upon further heat
treatment in the presence of oxygen, the anionic
vacancies fill as depicted in Fig. 6. A sufficient
decrease in the number of these vacancies should
facilitate instability in the metastable tetragonal
phase. Our results also show that crystallite coars-
ening and residual carbon accompany the pyroly-
sis. Because the metastable phenomenon also
occurs in the zirconyl chloride system which is
devoid of residual carbon, its actual influence is
questionable; however, evidence that carbon may
stabilize nonstoichiometry has been found in the
literature and cannot be ignored.”’” Unfortunately,
assessing the role that these factors play in nucle-
ation, transformation and stability of metastable,
tetragonal crystallites is not easily accomplished.

4 Summary

To address metallo-organic decomposition on the
molecular level, we have found that the molecular
configuration of the precursor, COBAZ, and the
resulting oxide after pyrolysis are intimately
related. We propose that zirconium, within the
COBAZ backbone, has an eight-fold coordination
to oxygen, similar to the t-ZrO, unit cell; whereas
terminal zirconium has a seven-fold coordination.
When pyrolysed in the absence of oxygen,
COBAZ nucleates a completely t-ZrO, , bearing
oxygen vacancies retained from the COBAZ struc-
ture, particularly from the terminal zirconium
positions. These vacancies play an integral role in
tetragonal nucleation. When t-ZrO, . is heat
treated in the presence of oxygen under otherwise
identical conditions, a fractional amount of mono-
clinic phase develops. This introduction of oxygen
diminishes the number of vacancies such that
tetragonal instability occurs, facilitating mono-
clinic growth.
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