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The reactions between Ti(OR), (R = Et, Pr') or [Zr(OPr'),(Pr'OH)], and various lead oxide precursors [anhydrous Pb(OAc),,
alkoxides or oxoalkoxides] have been investigated in different experimental conditions (solvent, temperature). Various mixed-
metal species have been isolated in high yields and characterized by microanalysis, FTIR and multinuclear NMR (*H, 13C and
207Pb) spectroscopies. The mixed-metal oxoacetatoalkoxides Pb,Ti,(j,-O)(u-OAc),(u-OPr)s(OPr'); 1 and PbZr;(p4-O)(u-OAc),
(u-OPr')s(OPri)s 2 have been characterized by X-ray crystallography at — 100 °C: for 1, monoclinic, space group C,/c with a=
38.916(17) A, b=12.045(2) A, c=19.046(4) A, B=112.84(3)°, V=8224(4) A®, Z=8, R=0.068, R, =0.076; and for 2, monoclinic,
space group P2, /n with a=10.618(2) A, b=25.157(11) A, c=18.611(5) A, $=90.35(2)°, V=4971(3) A3, Z=4, R=0.060, R, =
0.072. Hydrolysis—condensation reactions have been achieved especially for the species having a Pb: Ti stoichiometry appropriate
for access to PbTiO;. Effects of the solvent on the temperature of crystallisation and on the particle size are discussed.

Ferroelectric materials based on the perovskite structure are
of great interest in microelectronics finding applications in
pyroelectric and piezoelectric devices, actuators, sensors, non-
volatile memories and optical waveguides.! Lead titanate
PbTiO; (PT) and Pb(Zr,_,Ti,)O; (PZT) are well known
ferroelectrics. Chemical routes, especially sol-gel processing,
offer advantages over physical deposition techniques and have
attracted wide interest. Solution routes require soluble com-
pounds and various precursors, based either on homometallic
species or on heterometallic (‘single source’) precursors, have
been used.”* Cohydrolysis of lead acetate trihydrate and
various zirconium and titanium derivatives (alkoxides, acetyla-
cetonatoalkoxides) has been studied extensively for wet chemical
routes to PZT.>~° Different solvents (parent alcohol, 2-methoxy-
ethanol,*> diols®) have been evaluated for simultaneous control
of the homogeneity, the hydrolysis rates and/or the rheology.
While lead acetate trihydrate has been most widely used, lead
alkoxides, formulated as Pb(OR), and stabilized by monoethan-
olamine,” or functional carboxylates, either glycolate or
dimethylglycolate, are alternative sources of lead oxide. The
latter have been selected for the control of the 1: 1 stoichiometry
between lead and titanium [as Ti(OPr'),® or Ti(OPr'),(acac),’]
but the poor solubility of the Pb-Ti species formed precluded
unequivocal characterization. Formation of crystalline single-
phase materials at low temperatures is desired for thin film
applications. These features might depend on the nature of the
initial precursors: mixture of homometallic species, mixed-metal
derivatives, nature of the ligands, of the additives, but knowledge
of the chemical processes remains limited.

The composition of the precursor solutions has generally
been investigated by FTIR®!'® and NMR spectroscopies, and
sometimes by mass spectrometry.!! EXAFS has been used for
understanding the first steps of the polycondensation pro-
cess.!? The presence of various Pb-Ti species, especially
PbTiO,(OR),, has thus been postulated.>!' Pb,Ti,(j,-
O)(OPr');,"** and  Pb,Tiy(1-O)(OAc),(1-OEt)s(OEt)g! 13
are, however, the only structurally characterized lead—titanium
species reported so far. Regarding lead-zirconium species,

Pb,Zr,(1,-0),(OAc),(OEt),, has recently been reported,'s
while the formation of PbZr,O(OAc),(OPr'),, was indicated
by us in a conference proceedings communication.!’

In order to obtain a better insight into the relationships
between the initial precursor and the final material, we have
investigated the nature of the species obtained by reacting lead
alkoxides or lead acetate with various titanium and zirconium
alkoxides under different experimental conditions (alkoxide
ligands, solvent, temperature, order of addition of the reagents,
etc.). Various mixed-metal species have been isolated, char-
acterized by elemental analysis, FTIR (Table 1) and multi-
nuclear NMR (*H, 13C, 2°7Pb) spectroscopy (Table 2). Pb,-
Ti,O(OAc),(OPrl)g 1 and PbZr;O(OAc),(OPr),, 2 were also
characterized by single-crystal X-ray diffraction. Their conver-
sion into oxides by hydrolysis—polycondensation reactions has
been achieved. Hydrolysis intermediates have been isolated for
Pb,Ti,0(OAc),(OPrl),.

Experimental

Manipulations were performed under dry nitrogen using stan-
dard Schlenk-tube and vacuum-line techniques with solvents
purified by standard methods. Anhydrous lead acetate was
obtained by refluxing the hydrate, Pb(OAc), 3H,O0, in acetic
anhydride and titanium alkoxides were distilled in vacuo.
[Pb(OPr),],., Pb,O(OPr');, Pb,O(OEL),,'* [Zr(OPr),-
(Pr'OH)]," and Pb,Ti,O(OPr'),,'3 were synthesized as
reported in the literature. NMR spectra were recorded on a
Bruker AC-200 spectrometer at 200.13 (*H), 50.32 (**C) or
41.75 MHz (**'Pb). The lead chemical shifts are quoted with
respect to Pb(NOs;), in D,O as an external reference and are
positive to low field. IR spectra were run on a IR-FTS 45
spectrometer and were obtained as Nujol mulls between KBr
plates for the air-sensitive compounds, and as KBr pellets for
the powders resulting from hydrolyses. Analytical data were
obtained from the Centre de Microanalyses du CNRS.
Hydrolyses were achieved at room temperature in thf, in the
parent alcohol or in parent alcohol-acetone mixture; water
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Table 1 IR data for mixed-metal Pb—M compounds (M =Ti, Zr)

IR

compound V,5(CO), v(CO)/em ™!

W(M-0Z)*/cm ™!

Pb,Ti,0(OAc),(OPri)s 1 1576s, 1553s, 1442s, 1409s
PbZr,0(OAc),(OPr),, 2 1610s, 1594s, 1573s, 1456s, 1420s, 1377s
Pb,Ti,O(OPr'); 3 —

[PbTi,O(OEt)],, 4 —

Pb,Ti,O (acac), (OPrl)s 5 1590s, 1522s, 1457s, 1388s
Pb,Ti,O4(OAc),(OPri)s 6 1545s, 1543s, 1375s, 1333s

663m, 644m, 594s, 526s, 493s, 473s, 436s

657m, 617m, 582m, 556s, 535m, 520m, 500m, 481s, 466s, 436m, 426m
677w, 617s, 597s, 565s, 487sh, 471m, 420w

582s, 542, 430s

658m, 607m, 582s, 508s, 470s, 407s, 357s

667m, 644m, 609s, 582s, 537s, 524s, 505s, 474s, 436m, 413s

17 =R, C(O)Me or C(Me)C(O)Me.

was added via the same solvent. Powder X-ray diffraction data
were collected at variable temperatures using Cu-Ko radiation.
Thermogravimetric analyses were performed on a Setaram
system under nitrogen and with a heating rate of 5°C min!.
Particle sizes were estimated by sedimentation measurement
(Model Capa 500 analyzer, Horiba, Ltd., Tokyo, Japan) or by
light scattering (Coulter).

Pb,Ti,O(OAc),(OPri)s 1

Ti(OPr'), (8ml, 26.88 mmol) was added to a suspension of
Pb(OAc), (2.76 g, 8.48 mmol) in 40 ml of hexane. The suspen-
sion was stirred at room temperature for 72 h. After filtration
and concentration of the filtrate, 1 was obtained at 5 °C; yield
(1.4 g) 68%/Pb(OAc),. Anal. Calc. for C,3Hs,043Pb,Ti,: C,
30.1; H, 5.6; Pb, 37.6; Ti, 8.7. Found: C, 29.8; H, 5.4; Pb, 36.9;
Ti, 9.2%. Spectral characteristics as reported previously.'3*

PbZr,0(OAc),(OPr),, 2

A solution of [Zr(OPr),(HOPr')], (3 g, 3.87 mmol) in hexane
(30 ml) was added to a suspension of Pb(OAc), (0.45g,
1.38 mmol) in the same solvent. Dissolution occurred rapidly
and after 24 h, the solvent was removed. Extraction with
light petroleum, concentration and cooling to 5°C afforded
crystals of 2, yield (2g) 65%/Pb(OAc),. Anal. Calc. for
C34H760,5PbZr;: C, 33.84; H 6.35. Found: C, 33.52; H, 6.22%.

Pb,Ti,0,(0OAc),(OEt),,

1.35g (4.15mmol) of Pb(OAc), was added to a solution
of 293 g (12.8 mmol) of Ti(OEt), in toluene and dissolved
at room temperature after a few minutes. Concentration
and addition of ethanol resulted in crystallisation of
Pb,Ti40,(0OAc),(OEt) 4 [2.09 g, 68%/Pb(OAc),]. Anal. Calc.
for Cy3HegO14Pb,Tiy: C, 27.18; H, 5.54; Pb, 33.65; Ti, 15.51.
Found: C, 26.85; H, 5.45; Pb, 33.40; Ti, 15.60%. *°’Pb{'H}
NMR (CDCl;, 20 °C) 6 2900. Other spectral characteristics as
reported.!*

The same product was obtained quantitatively by reacting
[PbTi,O(OFEt)g],, with dilute acetic acid (1:1 stoichiometry)
in toluene at room temperature.

[PbTi,O(OEt)],.

1.47 g (1.32 mmol) of Pb,O(OEt)s was added to a solution of
27g (11.8 mmol) of [Ti(OEt);],, in 50ml of toluene.
Dissolution of the lead oxoethoxide was observed immediately
at room temperature. The reaction medium was concentrated,
addition of ethanol (2ml) and cooling to —20°C afforded
crystallisation of 2.8 g of product [yield 78%/Pb,O(OEt)s].
Anal. Calc. for Ci4H,4,O0PbTi,: C, 28.28; H, 5.89; Pb, 30.49;
Ti, 14.11. Found C, 28.5; H, 6.1; Pb, 29.5; Ti, 13.6%.

Pb,Ti,0,(OAc),(OPr),

8 mg (0.45 mmol) of H,O in 20 ml of toluene was added to a
solution of 0.5g (0.45mmol) of Pb,Ti,O(OAc),(OPrl)s in
25 ml of toluene. After 15h at room temperature, the solvent
was removed. The yellowish solid obtained was dissolved in
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light petroleum; cooling to —20 °C afforded yellowish crystals
(0.36 g, yield 88%). Anal. Calc. for C;3,H¢0,,Pb,Ti,: C, 21.0;
H, 3.7; Pb, 45.4; Ti, 10.5. Found: C, 21.35; H, 3.75; Pb, 45.6;
Ti, 10.7%.

The same product was obtained by addition of 0.5 equivalent
of H,O in toluene at room temperature but in lower yield
(33%).

All compounds were soluble in common organic solvents.
Solubilisation was generally slow in the parent alcohol.

X-Ray structure analysis of 1 and 2

X-Ray quality crystals of 1 and 2 were obtained by recrystallis-
ation from hexane and ligroin solutions respectively at ca.
5°C. Intensity data were collected at —100°C on a Enraf-
Nonius CAD4 diffractometer using Mo-Ka radiation. Crystal
data and other pertinent information are listed in Table 3.
Accurate cell dimensions and the orientation matrix were
obtained from least-squares refinements of the setting angles
of 25 well defined reflections. No decay in the intensities of
three standard reflections was observed during data collection.
The usual corrections for Lorentz and polarization effects
were applied.

Computations were performed by using SHELXS and
CRYSTALS? adapted on a Microvax-II computer. Scattering
factors and corrections for anomalous dispersion were taken
from ref. 21. Solution of the structure of 2 was accomplished
by standard Patterson—Fourier techniques. An empirical
absorption correction was applied (DIFABS).?? All non-hydro-
gen atoms except O(15) were refined anisotropically.
Constraints were applied to some C—C bond lengths and
angles [around C(8), C(20), C(23) and C(32)]. All hydrogen
atoms were introduced in calculated positions and their coordi-
nates calculated after each cycle. They were allocated an
isotropic thermal parameter 20% higher than that of the
bonded carbons.

Parameters of the unit cell of compound 1 are: a=
38.916(17) A, b=12.045(2) A, c=19.046(4) A, f=112.84°, V=
8228(4) A3. The crystal structure resolution was performed in
the monoclinic space group C2/c (Z=38). One of the two Pb
atoms appeared with low intensity compared to the other.
After refinement, the thermal parameter value for this Pb atom
was unreasonably large. This problem was solved by the
introduction of two different crystallographic sites for this
atom, namely Pb(2) and Pb(3) with 0.56 and 0.44 occupancy
respectively. Surprisingly, all bridging and terminal O atoms
were well located, even those linked to the disordered lead
atom. All isopropyl groups were also well defined, except for
the group linked to O(9) on the disordered lead atom which
could not be located on a difference Fourier map. Refinement
of the structure was carried out using 1975 reflections with
I1>30(I). The residuals were R=0.067 and R,,=0.076 with
anisotropic thermal parameters for Pb and Ti atoms and
isotropic thermal parameters for all other atoms. It should be
noted that disorder problems related to lead centres were also
observed for Pb,Ti,O(OP1),o.13* Atomic coordinates, thermal
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Table 3 Crystallographic data for 2

chemical formula Z1,PbO sC3,H ¢
M, 1205.8
crystal system monoclinic
space group P2,/n

4
a/A 10.618(2)
b/A 25.157(11)
c/A 18.611(5)
B/degrees 90.35(2)
V/A3 4971(3)
F(000) 2408
pcalc/g Cm73 L6l
u(Mo-Kao)/em ™1 10
diffractometer CAD4
monochromator graphite
radiation Mo-Kua (0.71070)
scan type w20

scan range 0/degrees

20 range/degrees

1.2+40.34 tan 0
4-39

reflection collected 4288
reflections used [I >3a(I)] 3567

R 0.060

R,* 0.072
weighting scheme unit weights
rms (shift/e.s.d.) (last ref.) 0.39
least-squares parameters 474

”Rw: [ziwi(Fo7Fc)2/ziwiF02:|1/2'

parameters, and bond lengths and angles have been deposited
at the Cambridge Crystallographic Data Centre (CCDC). See
Information for Authors, J. Mater. Chem., 1997, Issue 1. Any
request to the CCDC for this material should quote the full
literature citation and the reference number 1145/31.

Results and Discussion
Synthesis and characterization of heterometallic alkoxides

The reactions between titanium alkoxides Ti(OR); (R=Et,
Pr'), zirconium isopropoxide [Zr(OPr'),(HOPr)], and vari-
ous precursors of lead oxide, alkoxides [Pb(OPr'),],,, oxo-
alkoxides Pb,O(OR); (R=Et, Pr!) and anhydrous acetate
[Pb(OAc),]. have been investigated. The solvents (hydro-
carbons or alcohols) were chosen in order to avoid uncon-
trolled side reactions such as alcohol exchange reactions and
the use of alcohols was thus restricted to the parent alcohol.
For similar reasons (absence of redistribution reactions), reac-
tions between metal alkoxides were limited to derivatives
having the same OR group. The various compounds were
isolated as air-sensitive, colourless crystals. They were charac-
terized by elemental analysis, FTIR and multinuclear NMR
(*H, *C and ?*’Pb). Their molecular structures were established
by single-crystal X-ray diffraction for Pb,Ti,O(OAc),(OPr)g
1 and for PbZr;O(OAc),(OPri),, 2.

The insoluble, anhydrous acetate Pb(OAc), reacts rapidly
at room temperature in non-polar solvents (hexane, toluene)
with both titanium and zirconium isopropoxides, as well
as titanium ethoxide, giving Pb,Ti,O(OAc),(OPrl); 1,
PbZr,0(OAc),(OPr'),, 2 and [PbTi,O(OAc)(OEt),], respect-
ively, independent of the stoichiometry between the reactants.
The progress of the reaction can be visualized by the complete
dissolution of the lead acetate added to the metal alkoxide
solution if the appropriate stoichiometry is used. Scheme 1
summarizes the various synthetic routes.

By contrast with the other mixed-metal acetoalkoxides,?
Pb,Ti,O(OAc),(OPri)s 1 is only obtained in moderate yield
(40%) and an excess of titanium isopropoxide is needed for
the reaction with lead acetate in hydrocarbons. This is due to
the formation of a titanium byproduct, probably an oxoaceta-
toalkoxide derivative as evidenced by a v(CO,) absorption
band at 1546 cm~!. If the reaction is performed in isopropyl
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alcohol 1 is obtained selectively and quantitatively. The dimeric
zirconium isopropoxide, [Zr(OPr'),(Pr'OH)],, was less reac-
tive than the monomeric titanium isopropoxide and a zir-
conium-rich species, PbZr,O(OAc),(OPr'),, 2, was isolated.
At first glance, the reactions between group 4 metal alkoxides
and Pb(OAc), appear dependent on the addition order of the
reactants: higher amounts of metal alkoxide are generally
necessary for dissolution of Pb(OAc), when it is added to a
suspension of the lead derivative. However, this observation
seems to mainly illustrate differences in kinetics; no other lead
species could be detected by 2°’Pb NMR in such solutions.
One can also note the influence of the alkoxide group: deriva-
tives having a different stoichiometry, namely PbM, (M =Ti,
Zr), were obtained by reacting Pb(OAc), with titanium or
zirconium ethoxides. [PbTi,O(OAc)(OEt),], was obtained
independently by other groups!'*!> and structurally charac-
terized during the progress of our work. We could also obtain
the latter compound quantitatively by adding acetic acid (2
equivalents) to [ PbTi,O(OEt)g],, (see below).

Lewis-acid—base reactions between metal alkoxides are one
of the most widely investigated routes to mixed-metal oxide
precursors.!*2-24 As we have recently reported, depolymerization
of the insoluble lead isopropoxide can be achieved by Ti(OPr'),
but requires refluxing in toluene.’>* The compound isolated,
Pb,Ti,O(OPr'),, 3, has a Pb: Ti stoichiometry attractive for use
as a precursor to PbTiO;. The same approach using
[Zr(OPri),(HOPr')], and [Pb(OPr'),], did not form Pb—Zr
species of 1:1 stoichiometry'® but species of 4:2 and 2:4
stoichiometries which do not conproportionate to 1: 1 species.?®
A variety of alkoxides and oxoalkoxides are known for lead.!8-2°
We have used these compounds as alternative sources of lead
oxide. 3 can also be obtained by treating Ti(OPr'), with a lead
oxoisopropoxide, Pb,O(OPr'); this reaction proceeds at room
temperature since generation of the oxo ligand is no longer
required. The reactions between the ethoxide analogues,
Pb,O(OEt)s and [ Ti(OEt),],,, are more complex. Mixed-metal
species having a different stoichiometry, namely PbTi,, were
isolated. Furthermore, compounds having different spectro-
scopic characteristics (FTIR, 'H, 13C and **"Pb NMR) were
obtained depending on the solvent, ethanol or toluene, and on
the order of addition of the reactants. A compound of formula
[PbTi,O(OEt)g],, 4 was for instance obtained by adding
Pb,O(OEt) to [ Ti(OEt),],, in toluene. A different PbTi, species
was isolated by addition of [Ti(OEt),], to a suspension of
Pb,O(OEt)s. The complexity of the Pb-Ti—OEt system is also
illustrated by the numerous 2°’Pb NMR signals observed upon
varying the Pb:Ti molar ratio. These observations are remi-
niscent of the behaviour of the Ba-Ti-OEt system for which
compounds of different stoichiometries, nuclearities and/or
number of oxo ligands, could be isolated depending on the
experimental conditions.”” The Pb-Ti-OEt system was not
extensively studied due to the lack of isolation of a Pb-Ti
species of 1:1 stoichiometry and of crystals suitable for X-ray
diffraction studies, thus precluding unequivocal structural
characterization. One can also observe that, whereas the reaction
between Pb,O(OEt)s and Nb(OEt)s proceeds by self-assembly
of Pb,O(OEt), giving Pb,O,(OEt), which acts as a polydentate
ligand toward Nb(OEt)s via its peripheral oxo sites,”® the
Pb,O(OEt), aggregate is disrupted during its reaction with
titanium ethoxide. Similar observations were reported recently
for the reaction between Pb,0O(OBu'), and Zr(OBu'),.>’

The FTIR spectra of the mixed-metal acetoalkoxides are
characterized by the symmetrical and asymmetrical stretching
of the CO, moiety. The differences Av=v,,(CO,)—v,(CO,) are
in the range 122-196 cm ! and thus suggest that the acetate
ligands are either bridging or chelating.3® Another general
feature is the shift to higher frequencies for the CO, stretching
vibrations of the mixed-metal acetoalkoxides with respect to
lead acetate. Similar observations have been made for mixed-
metal acetoalkoxides based on other metals.>® The M—OR
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Scheme 1 Synthetic routes to the various Pb—M derivatives (all reactions in toluene at room temperature unless stated otherwise)

stretching vibrations are observed as usual between 600 and
300 cm ! as summarized in Table 1.

Molecular structures of Pb,Ti,O(OAc),(OPr'); 1 and of
PbZr;0(0Ac),(OPr'),, 2 in the solid state and in solution

The existence of heterometallic oxo aggregates has been defi-
nitely established by the single-crystal X-ray structure determi-
nations of Pb,Ti,(1,-O)(u-OAc),(OPr')s 1 (Fig. 1) and of
PbZr,O(p-OAc),(n-OPr');(OPr')s 2 (Fig. 2). The aggregates
are tetranuclear with the metal framework built up around a
p4-oxo ligand and forming a distorted tetrahedron. The trans-
ition metals are six-coordinate with a distorted octahedral
stereochemistry. Atomic coordinates and selected bond lengths
and angles of 2 are collected in Tables 4 and 5. The mixed-
metal acetatoalkoxides 1 and 2 differ essentially by the stoichi-
ometry between the metals, by the orientation of the acetate
ligands and by the stereochemistry of the lead centres. For
compound 2, the oxo ligand is the only one connecting atoms
Zr(2) and Zr(3) and the corresponding distance between the
metals opens up to 4.10 A by comparison to Zr(1)---Zr(2,3)
[3.43 A (av)].

The distortion around the zirconium centres of 2 is illustrated
by the large variation in the angles from 72.7(4) to 178.4(5)".
The lead atom is five-coordinate with a distorted tetragonal
stereochemistry and thus a stereochemically active lone pair.

Fig. 1 Structure of Pb,Ti,O(OAc),(OPr')s 1 [Pb(3) has been omitted
for clarity]

00(10)

Fig.2 The PbZr;(1,-0)(u-OAc), (13-POr),(u-OPri),(OPr'), 2 mol-
ecule showing the crystallographic numbering

The salient feature of the oxo ligand is its ‘concave’ surround-
ing, the angle Zr(2)—O(15)—Zr(3) being 134.3(5)°. The
Zr—O distances vary from 1.92(1) to 2.26(1) A and follow the
pattern Zr—OR,<Zr—p-OR~Zr—p-OAc<Zr—py-0O, as
observed for other heteroleptic zirconium derivatives.>* The
Pb—O bond distances are as expected longer, varying from
2.31(1) to 2.68(1)A. The Zr—O—C angles associated with
terminal OR groups are quite large [from 150.9° to 164(2)°]
as usually observed for early transition metals. 2 can be
regarded as an adduct between Pb(OAc), and Zr;O(OPr),,,
a moiety which was observed in the mass spectra as a result
of the desolvation of [ Zr(OPr'),(Pr'OH)],.33 A structural unit,
similar to PbZr;O(OAc),(OPr),, is found in Gd,Zre(14-O),(u-
OAc),(OPr'),, which results from the assembly via bridging
acetate ligands of two GdZr;O(OAc),(OPrl);, moieties.>*
The structure of Pb,Ti,O(OAc),(OPr')g 1is shown in Fig. 1
but no suitable refinement model could be found for all atoms,
probably as a result of a disordered lead atom Pb(2). The
structural formula Pb,Ti,(u,-O)(u-OAc),(u-OPri)(OPr')s is
supported by analytical and spectroscopic data and the tetra-
nuclear core is reasonable in view of the related Pb—M systems.
However, bond distances and angles are only deposited as
supplementary material. The striking feature is the presence of
two types of stereochemistry for the lead centres: Pb(1) is five-
coordinate and has a severely distorted tetragonal stereochemi-
stry as observed for the lead centres in 1 and 3,'** while Pb(2)
is only four-coordinate, with O—Pb—O angles ranging from
66.2 to 159.6° [for O(3)—Pb—O(8)]. By comparison with
PbZr;(14-0)(OAc),(OPr');, and Pb,Ti,(u,-0)(OPr'),, the
surrounding of the p4-oxo ligand is more symmetrical with a
Ti(1)—O(1)—Pb(2) angle of 101.8°. Both acetate ligands are
bridging, they assemble identical metals while they bridge lead

J. Mater. Chem., 1997, 7(5), 753-762 757



Table 4 Fractional parameters for 2

Table 5 Selected bond lengths (A) and angles (°) for 2

atom x/a y/b z/c U(equiv.)/A?
Pb(1) 047277( ) 007863(3 025025(5) 00284
Zr(1)  0.8007(2 0.04496(8 0.2329(1) 0.0240
Zr(2) 0.7124( 0.12923(8 0.3673(1) 0.0258
Zr(3)  0.6860(2 0.15735(8 0.1507(1) 0.0251
o(l)  0.966(1) 0.0931(5) 0.2502(6) 0.0056
0(2)  0903(1) 0.1497(6) 0.3370(7) 0.0325
03)  0.555(1) 0.2132(5) 0.1968(8) 0.0402
04)  0415(1) 0.1718(6) 0.2636(8) 0.0391
0(5)  0.796(1) 0.0482(5) 0.3455(7) 0.0270
0(6)  0.798(1) 0.0862(5) 0.1342(7) 0.0304
O(7)  0.640(1) 0.0029(5) 0.2234(7) 0.0359
0@8)  0536(1) 0.0928(5) 0.3746(7) 0.0231
0(9)  0.521(1) 0.1101(5) 0.1358(7) 0.0288
0(10) 0911(1)  —0.0137(5) 0.2132(9) 0.0392
O(11)  0.754(1) 0.1217(6) 0.4688(7) 0.0307
o(12)  0.667(1) 0.2030(5) 0.3663(8) 0.0366
0(13)  0.820(1) 0.2044(5) 0.1789(7) 0.0263
O(14) 0.674(1) 0.1770(6) 0.0510(7) 0.0396
0(15)  0.6766(9) 0.1107(4) 0.2518(5) 0.004(2)
C(1)  0984(2) 0.131(1) 0.295(1) 0.0189
Cc2)  1118(2) 0.157(1) 0.300(1) 0.0446
C(3) 0.455(2) 0.2109(9) 0.234(1) 0.0336
C4)  0382(2) 0.263(1) 0.239(2) 0.0467
C(5) 0.849(2) 0.0144(9) 0.400(1) 0.0387
C(6)  0.990(2) 0.019(1) 0.401(1) 0.0492
C(7)  0804(3)  —0.041(1) 0.387(1) 0.0609
Cc(8)  0871(2) 0.070(1) 0.077(1) 0.0811
C(9)  0981(3) 0.105(2) 0.059(2) 0.1036
C(10)  0.797(3) 0.045(2) 0.016(1) 0.1104
C(11) 0.607(3) —0.052(1) 0.213(2) 0.0596
C(12) 0.607(4) —0.065(1) 0.136(2) 0.0917
C(13) 0491(3)  —0.064(1) 0.252(2) 0.0798
C(14)  0462(2) 0.084(1) 0.434(1) 0.0518
C(15)  0.403(3) 0.131(1) 0.462(2) 0.0690
C(16)  0.384(4) 0.039(1) 0.424(2) 0.1041
C(17)  0432(2) 0.110(1) 0.078(1) 0.0472
C(18)  0.334(3) 0.154(1) 0.087(2) 0.0740
C(19)  0377(3) 0.059(1) 0.070(2) 0.0961
C(20) 1.002(2)  —0047(1) 0.182(2) 0.0942
C(21) 1134(2)  —0.030(1) 0.203(2) 0.0960
C(22) 0976(3)  —0.104(1) 0.200(3) 0.1496
C(23)  0.786(2) 0.143(1) 0.534(1) 0.0947
C(24)  0717(3) 0.118(1) 0.595(1) 0.0887
C(25)  0927(3) 0.143(2) 0.545(1) 0.0933
C(26)  0.665(2) 0.2576(9) 0.375(1) 0.0438
C(27)  0.793(3) 0.278(1) 0.397(2) 0.0693
C(28)  0.562(3) 0272(1) 0.428(2) 0.0690
C(29) 0.893(2) 0.249(1) 0.192(1) 0.0524
C(36) 0816(3) 0.299(1) 0.183(2) 0.0677
C(31)  1.008(3) 0.249(1) 0.147(2) 0.0894
C(32)  0.706(3) 0204(1)  —0.009(1) 0.1419
C(33)  0.651(5) 0260(1)  —0.010(2) 0.1347
C(34) 0.674(4) 0.173(2) —0.077(1) 0.1023

and zirconium in PbZr;O(OAc),(OPrl);y. The Pb—O dis-
tances range from 2.09(3) to 2.79(3) A, the Pb—p4-O distances
are shorter than the Pb—p-OR ones, while the Pb—OAc bond
distances have intermediate values. The Ti—O bond distances
spread over the range 1.77(3)-2.12(2) A and follow the order
Ti—OR < Ti—pu-OR~Ti—p,-O<Ti—OAc as observed for
other titanium acetatoalkoxides.*®

Both structures are related to that of Pb,Ti,O(OPr!),,.3
However, in the absence of bidentate OAc ligands for 3, two
OR are triply bridging capping two Pb,Ti faces of the tetra-
hedron as a means to ensure hexacoordination of titanium.
Although the tetrahedron is fairly regular, the coordination
geometry of the p,-oxo ligand is also distorted. Assembly of the
various metals around a p,-oxo ligand has also been observed
for the other reported Pb—-M (M =Ti, Zr) acetatoalkoxide
derivatives such as [PbTi,y(us-O)(OAC)(OEL),],**  and
[PbZr,(1s-O)(OAc),(OEt)s ],.1° Although these structures are
based on M,M, dimers, they can be alternatively seen as derived
from PbM;(p,-O) tetrahedra fused along a hypothetical Pb—Pb
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Pb(1)-0(4) 244(1)  Zr(1)-O(1) 2.15(1)
Pb(1)-0(9) 233(1)  Zr(1)-0(6) 2.11(1)
Pb(1)-0O(8) 243(1)  Zr(1)-0(10) 1.92(1)
Pb(1)-0(15) 2310(9) Zr(1)-0(5) 2.10(1)
Pb(1)-0(7) 2.66(1)  Zr(1)-O(7) 2.02(1)
Zt(2)-0(2) 217(1)  Ze(1)-0(15) 2.15(1)
Zr(2)-0(8) 209(1)  Zr(3)-0O(3) 2.16(1)
Zr(2)-0(12) 192(1)  Zr(3)-0(9) 2.14(1)
Zr(2)-0(5) 226(1)  Zr(3)-0O(14) 1.92(1)
Zr(2)-0(11) 1.95(1)  Zr(3)-0(6) 2.17(1)
Zr(2)-0(15) 223(1)  Zr(3)-0O(13) 1.92(1)
Pb(1)-Zr(1) 358(2)  Zr(3)-0(15) 222(1)
Pb(1)-Zr(2) 358(2)  Zr(1)---Zr(2) 3.414(3)
Pb(1)-Zr(3 ) 354(2)  Ze(1)--Zr(3) 3.434(3)
O(8)-Pb(1)-0(4) 80.2(5) Zr(2)---Zr(3) 4.10(3)
0(9)- Pb( -O(8)  139.4(4)  O(9)-Pb(1)-O(4) 79.9(5)
O(15)-Pb(1)-O(8)  71.5(4) O(15)-Pb(1)-O(4)  84.3(4)
O(15)—Pb(1)—0(7) 68.07(4) O(15)-Pb(1)-0(9)  71.5(4)
O(7)-Pb(1)-0(9) 8532(4) O(7)-Pb(1)-O(8) 96.09(4)
0(5)-Zr(1)-0(1) 81.6(5) O(7)-Pb(1)-0(4)  151.57(4)
0(6)-Zr(1)-0(1) 82.1(5)  O(10)-Zr(1)-O(6)  102.5(6)
0(6)-Zr(1)-0(5) 1483(5)  O(10)-Zr(1)-O(7)  95.7(6)
O(7)-Zr(1)-0O(1) 1754(5)  O(15)-Zr(1)-O(1)  92.4(4)
0O(7)-Zr(1)-0(5) 94.8(5)  O(15)-Zr(1)-0(5)  77.8(4)
O(7)-Zr(1)-0O(6) 99.9(5)  O(15)-Zr(1)-0(6)  76.0(4)
0(10)-Zr(1)-O(1)  87.8(5) O(15)-Zr(1)-O(7)  84.1(5)
0(10)-Zr(1)-0(5)  1038(6)  O(15)-Zr(1)-O(10)  178.4(5)
0(5)-Zr(2)-0(2) 784(5)  O(6)-Zr(3)-0(3)  161.3(5)
O(8)-Zr(2)-0(2)  1637(5) 0O(9)-Zr(3)-0(3) 83.4(5)
0(8)-Zr(2)-0(5) 88.2(5)  0O(9)-Zr(3)-0(6) 88.4(5)
O(11)-Zr(2)-0(2)  93.8(5) O(13)-Zr(3)-0(3)  88.0(5)
O(11)-Zr(2)-0(5)  89.9(5)  O(13)-Zr(3)-0(6)  98.3(5)
O(11)-Zr(2)-0(8)  954(6) O(13)-Zr(3)-0(9)  169.9(6)
0(12)-Zr(2)-0(2)  90.0(6)  O(14)-Zr(3)-0(3)  100.2(6)
0(12)-Zr(2)-0(5)  1658(5) O(14)-Zr(3)-0(6)  96.2(6)
0(12)-Zr(2)-0(8)  101.7(5)  O(14)-Zr(3)-0(9)  88.2(6)
0(12)-Zr(2)-0(11)  99.2(6)  O(14)-Zr(3)-0(13)  98.5(6)
O(15)-Zr(2)-0(2)  87.3(4)  O(15)-Zr(3)-0(3)  88.6(5)
0(15)-Zr(2)-0(5)  72.7(4)  O(15)-Zr(3)-0(6)  73.2(4)
O(15)-Zr(2)-0(8)  799(4)  O(15)-Zr(3)-0(9)  77.0(4)
0(15)-Zr(2)-0O(11)  162.0(5)  O(15)-Zr(3)-O(13)  97.6(5)
O(15)-Zr(2)-0(12)  98.7(5)  O(15)-Zr(3)-O(14)  161.8(5)

edge in the case of the titanium mixed-metal compound and
along a M—M edge for the zirconium derivative.

The various aggregates are soluble in non-polar solvents
such as toluene and no dissociation is observed as shown by
NMR ('H, 3C, 2°"Pb). The presence of only one signal in the
207ph NMR spectrum of 1 suggests dynamic behaviour.f
'H NMR spectra at variable temperature and dilution are
consistent with the presence in solution of two fluxional
molecular species mainly, 1A and 1B, in dynamic exchange.
For the concentration range 0.3—-0.03 M, these two species are
present in a proportion close to 2:1 as indicated by the
presence in the low-temperature spectra of three types of
magnetically non-equivalent acetate ligands (integration ratio
1:1:1). In the region of the methine groups, the broad multiplet
observed at room temperature corresponds to mainly four
septets at 0 4.47, 4.71, 4.89 and 5.15, respectively. They have
been attributed to terminal and doubly bridging OR groups
of types Pb—OR—Pb, Ti—OR—Ti and Pb—OR—Ti of
species 1A and 1B. Conversion between isomer 1A, having the
solid-state structure, and isomer 1B (Scheme 2) is in agreement
with the spectroscopic data. Species 1A displays two types of
non-equivalent acetate ligands. Isomer 1B displays only one
type of bridging acetate ligand and one type of surrounding
for the lead centres. The latter isomer derives from species 1A,
which is preponderant in solution, by transformation of one
bridging OR ligand [on Ti(1)] into a terminal one and
modification of the coordination modes of the acetate ligands,

+ Two chemical shifts were observed at 300 MHz for 1 (ref. 15).
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Scheme 2 Interconversion of the Pb,Ti,O(OAc),(OPr')s species 1A
and 1B in solution

each one assembling the two different metals, lead and titanium,
as observed for the Pb—Zr species. The open site at one of the
lead centres of 1 favours the migration of the OAc ligand.
Pb,Ti,O0,(OAc),(OEt),, is also fluxional but its behaviour has
not been fully investigated.

By contrast to 1 and 3, PbZr;O(OAc),(OPr');, 2 and
[PbTi,O(OEt)g],, 4 are non-fluxional. The '"H NMR spectrum
of 2 displays two signals for the acetate ligands in a 1:1
integration ratio while the signals of the methine groups are
spread over the range § 4.25-5.15 and five types of magnetically
non-equivalent groups are observed. These data are consistent
with the solid-state structure. All species are more stable than
[PbZr,(14-O)(OAc),(OEt)s ], which has been reported to exist
in solutions as several molecular species as illustrated by the
observation of three 2’Pb NMR resonances.'® The 'H NMR
spectra of 4 indicate three types of magnetically different CH,
groups in a 2:4:2 integration ratio at low temperature
(—40°C). A unique signal is observed in the 2°’Pb NMR
spectrum at ¢ 2560. In the absence of X-ray data, several
structures might account for the spectroscopic data. Structure
C, resulting from the junction of two Pb,Ti, units along a
Pb—Pb edge, is consistent with the spectroscopic data. The
carboxylate derivative Pb,Ti,O,(OAc),(OEt),,, which could
be obtained quantitatively by addition of acetic acid to 4, has
a structure related to C, one bridging alkoxide of type
Ti—OR—Ti being substituted by an acetate ligand.!> The
selectivity of the conversion of 4 into the acetate derivative,
especially the retention of the stoichiometry between the metals,
is also in favour of structure C.

Reactivity

The presence of the oxo ligand allows the transition metals to
achieve their most common coordination number, namely six.
The various compounds thus already possess in the precursors
the coordination numbers required for Zr and Ti in the
perovskite structure. The oxo ligand might derive from the
alkoxide ligands by elimination of dialkyl ether, from the
acetate by formation of an ester, by hydrolysis during the work-
up or by residual water from lead acetate.i The oxo derivatives
are obtained in high and reproducible yield (thus excluding
accidental hydrolysis) and 2°’Pb NMR monitoring shows no
other Pb—M intermediates. No presence of ester could be
detected by FTIR in the various reaction media and the
alkoxide ligands are thus the most likely source of the oxo
ligand. Isopropyl acetate detected by FTIR [v(CO,)=
1745 cm '] is however formed if the heterogeneous reaction
medium, obtained by mixing Ti(OPr'), and Pb(OAc), in
toluene, is heated, prior to the dissolution of the acetate and
thus to the formation of 1. The elimination of the ester
corresponds to the formation of an insoluble metal acetato-
alkoxide species [v(CO,)=1559 cm~!]. The presence of a
broad absorption band around 798 cm ™! in its FTIR spectrum
suggests the formation of an extended M—O—M network
and thus of polymeric species. However, compound 1, once
formed, is stable toward thermal condensation: no evolution
is observed after 12 h of reflux in Pr'OH.

The quite easy depolymerization of [Pb(OPr'),],, by metal
alkoxides is due to the facile formation of lead oxoalkoxides.!®
Compound 3 can formally be considered as Pb,O(OPr')s in
which two lead sites have been substituted by Ti(OPr),
moieties. Attempts to build up mixed-metal species containing
a chloride as a functional ligand (as intermediates to terhetero-
metallic species) by using a chloroalkoxide Ti(OPr');Cl as a
starting titanium material and Pb,O(OPr'), in toluene at room
temperature were prevented by the precipitation of PbCl,.

The Pb-Ti acetatoalkoxide 1 could also be obtained by the
addition of acetic acid (2 equivalents) to Pb,Ti,O(OPr),, in
hexane. The modification of 3 by acetylacetone, which is
another reactant commonly used in the sol-gel process®® in
order to control the hydrolysis rates and/or avoid precipitation,
afforded Pb,Ti,O(acac),(OPr'); 5, when small amounts (2
equivalents) of reactant were used (Scheme 1).13 By contrast
to the OAc ligands, the acac ligands seem to behave as
terminal-chelating ligands located on the titanium centres
according to the FTIR and 'H NMR data, which are close to
those reported for Ti(OPr'),(acac),. The analogy in 2°’Pb
NMR chemical shifts between 3 (6 3870) and 5 (0 3883)
suggests also that the surrounding of the lead atoms is only
slightly modified by the transformation of 3 into 5. Chemical
modification reactions of mixed-metal alkoxides are generally
difficult to control and change of the stoichiometry between
the metals, the main-group element being extruded as an
insoluble derivative, is easily observed.?® The structural simi-
larity between compounds 1, 3 and 5 allows conservation of
the Pb:Ti stoichiometry by substitution of two OR by OAc
or acac ligands, titanium remaining hexacoordinated. Larger
amounts of acetic acid or acetylacetone lead to the precipitation
of Pb(OAc), or the formation of Ti(acac),(OPr'), respectively,
and thus to segregation of the mixed-metal species 3.
Acetylacetone has been considered to improve the quality of
PbTiO; coatings during thermal annealing when added to
Pb(OAc),-Ti(OR), solutions. Its influence on 1 was therefore
considered. When 1 is reacted with one equivalent of Hacac
in toluene at room temperature, precipitation of Pb(OAc), is

T Among the various methods of obtaining anhydrous acetates,
dehydration of Pb(OAc),'3H,O with acetic anhydride gave the best
results in terms of residual water (<0.2%) and the same lead acetate
was used to obtain quantitatively non-oxo mixed-metal acet-
atoalkoxides.
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observed, probably facilitated by the fluxionality of 1 and the
stability of Ti(OPr'),(acac),.

As a general feature, the lead chemical shifts of the mixed-
metal species are observed at higher field than those of the
homometallic lead alkoxides or oxoalkoxides, in which the
lead atoms display lower coordination numbers. Lead NMR
can thus be used as a tool for the indication of the formation
of mixed-metal Pb—M species (M =Ti, Nb, Bi) and thus of
some homogeneity at the molecular level.

Microhydrolysis experiments of Pb,Ti,O(OAc),(OPri)s 1
have been achieved. The concept of a ‘molecular building
block’ approach relies on a knowledge of the nature of the
initial precursor as well as on its transformation. A soluble,
microcrystalline species 6a could be isolated if micro-
hydrolysis experiments were performed in toluene with
a hydrolysis ratio h as low as 0.5 or 1 (hydrolysis ratio
h=moles H,O/moles PbTi precursor). Analytical and
spectroscopic  data indicate an empirical formula
[Pb,Ti406(OAC)4(OPr')g],, [vas(CO,)=1585, 1543 cm™'].
Further evolution into a new species 6b is however obser-
ved during recrystallisation. Compound 6b, of formula
[Pb,Ti,O,(0Ac),(OPri)],,, displays a FTIR spectrum simi-
lar to that of 6a for the absorption bands corresponding to
the acetate ligands while the disappearance of the v(M —OR)
band at 490 cm ! supports further condensation. The pres-
ence of metal-oxo vibrations is illustrated by quite sharp
bands at 834, 802, 748 and 722 cm ~!. It is noticeable that 6b
can also be obtained as a minor species by hydrolysis of 1 in
THF using larger amounts of water (h=2), together with an
insoluble material 7. The high solubility (even in hexane) of
6a and 6b suggests closo structures with peripheral organic
groups. By contrast, compound 7, which is the predominant
species obtained for h=2, is not soluble in THF. Its FTIR
characteristics [v,(CO,)= 1550, v(M—O—M) 800 cm '] are
similar to those of the compound obtained by heating
Ti(OPr'), and Pb(OAc), immediately after mixing. Proton
NMR data of 6a at various temperatures indicate three types
of acetate ligands in a 1:1:2 ratio and four types of methine
groups in a 2:2:1:3 ratio. A structure of type D is in
agreement with these spectroscopic data. It displays six-
coordinated titanium centres and four- and five-coordinated
lead, as observed in the non-hydrolysed precursor 1. The
proposed octanuclear structure can be considered as the
assembly, via doubly bridging oxo ligands resulting from the
hydrolysis of terminal OR groups borne by titanium atoms,
the most electropositive centres, of two tetranuclear dioxo
moieties. The tetranuclear subunits can be considered as
resulting from hydrolysis of species 1la and 1b, the site of
attack being a doubly bridging OR group, as supported by
literature data on other mixed-metal species.®” The overall
observations suggest that if small structural reorganisation is
likely in the very first steps of the hydrolysis, more drastic
transformations are necessary for the passage to the material.
Unfortunately, the poor stability in solution of 6a and 6b
precluded obtaining crystals suitable for X-ray studies.

760 J. Mater. Chem., 1997, 7(5), 753762

Hydrolysis—polycondensation

The potential of these novel mixed-metal Pb—M species (M =
Ti, Zr) as precursors to lead-based materials was estimated,
especially for the compounds having stoichiometries with
materials formulation and which may thus act as single-source
precursors to PbTiO;, namely 1, 3 and 5. Hydrolyses were
achieved at room temperature. The amorphous powders were
characterized by FTIR, thermogravimetric analysis (TG),
differential thermal analysis (DTA) and X-ray diffraction
(XRD) at variable temperatures after thermal treatment.

Although the metal ratios of PbZr;O(OAc),(OPr');, 2 and
of [PbTi,O(OEt)], 4 did not match those of lead-based
ferroelectrics, such compounds might find use as dopants or
give access to nanocomposites. Their behaviour as precursors
in hydrolysis—polycondensation reactions was thus also investi-
gated. [PbTi,O(OEt)s],, gives PbTi;O, and red lead oxide
at  650°C. The same material is obtained from
[PbTi,O(OAc)(OEt),], at 600°C. PbZr;O(OAc),(OPr),, is
converted into PbZrO; and cubic zirconia at 800 °C, the latter
being already obtained at 600 °C, together with an amorphous
matrix. The composition of these multiphased materials is thus
largely dependent on the temperature of the thermal treatment.

Hydrolysis—polycondensation reactions of 1, 3 and 5, were
achieved in isopropyl alcohol at room temperature at concen-
trations of 0.01 M and with a hydrolysis ratio h=100. FTIR
spectra of the powders resulting from Pb,Ti,O(OAc),(OPri)g
1 and Pb,Ti,O(acac),(OPr') 5 show absorption bands charac-
teristic of acetate [v,5(CO,)= 1544, v,(CO,)=1412 cm '] and
of acetylacetonate ligands [v(C—O), »(C=C)=1576, 1506,
1460, 1385 cm 1], respectively, as well as hydroxy residues
[v(OH)=3400 cm~']. These observations account for the
differing degrees of hydrolysis of 5 and 1. For the latter, some
of the acetate ligands are removed as isopropyl acetate
[v,.(CO,)=1745cm '] and thus are released in the filtrate.

The hydrolysis—polycondensation process leads to precipi-
tates for compounds 1 and 3, while 5 gives turbid sols. These
observations are supported by measurement of the particle
sizes (9800 nm for 1 and 4120 nm for 3 but only 100 and
340 nm for 5). While the particles are monodisperse for 1 and
3, two distributions were observed for 5 (79 and 21%, respect-
ively). These observations might be explained by the tendency
of acetates to act as assembling ligands whereas acetylaceton-
ates are more prone to act as polymerization lockers and thus
favour the formation of smaller particles.

Thermogravimetric and differential thermal analyses have
been performed under nitrogen or air up to 1000°C.
Elimination of organic residues starts at about 100 °C; that of
the remaining ligands acetate and acetylacetonate occurs below
400°C. The smallest weight loss is observed for the powder
resulting from the hydrolysis of Pb,Ti,O(OPr);o 3 (8.5%) by
comparison to 1 and 5 (20 and 26% respectively). DTA profiles
show broad exothermic peaks corresponding to the combus-
tion of the organics while a sharper exothermic peak suggesting
crystallisation is observed towards 500 °C (Fig. 3A). Thermal
treatment of the various amorphous powders afforded the
crystalline PbTiO; perovskite but some differences can be
noticed depending on the precursors. The powders resulting
from the hydrolysis of 1 and 5 lead directly to the perovskite
phase at 550 and 500 °C, respectively (Fig. 3B). The powder
resulting from Pb,Ti,O(OPr'),, behaves differently: crystallis-
ation starts at 500 °C giving a mixture of perovskite PbTiO;
(25%) and pyrochlore Pb,Ti,O¢ {% perovskite calculated as
[perovskite]/[ perovskite + pyrochlore]}. Conversion of pyro-
chloreinto perovskite is complete at 700 °C and pure perovskite
is then obtained. It should be noted that the hydrolysis of 1
with smaller amounts of water (h=0-40) in isopropyl alco-
hol was reported to proceed via the formation of some
pyrochlore.®
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Fig. 3 A, TG trace of the powder resulting from hydrolysis of 1 and
B, X-ray diffraction patterns at various temperatures

Influence of the solvent

Sol—gel processing of PbTiO; has been widely investigated.
Recently the presence of acetone during the hydrolysis step
has been reported to lower the temperature of crystallisation
of PbTiO; to 250°C.*° This prompted us to investigate the
influence of that solvent on the polycondensation of the various
Pb-Ti precursors of 1:1 stoichiometry.

Acetone reacts immediately at room temperature with 1, 3
and 5 giving precipitates whose FTIR characteristics [v(OH)
ca. 3400 cm 1, residual OAc or acac ligands, broad M—O—M
absorption] are similar to those obtained by the preceding
hydrolysis—polycondensation reactions indicating that acetone
induces non-hydrolytic condensation reactions.*® However,
since these reactions were difficult to control regarding particle
size and formation of agglomerates, acetone was used as a co-
solvent with isopropyl alcohol for the hydrolysis—polycondens-
ation reactions. Whereas the influence of acetone was not
significant regarding the temperature of crystallisation, it was
more important for the control of the nature of the crystalline
phases and particle size.

Hydrolysis of Pb,Ti,O (OPr'),, in acetone—isopropyl alcohol
(50:50 v/v) led to an amorphous powder which was converted
directly into perovskite upon calcination at 600 °C. The pres-
ence of acetone thus avoids the formation of pyro-
chlore as an intermediate. Another benefit of the presence of
acetone is the reduction of the particle size. By using
Pb,Ti,O(OAc),(OPr), as a precursor, the size of the particles
decreases from 9800 nm (pure isopropyl alcohol) to 9450 nm
[isopropyl alcohol-acetone (80:20 v/v)] and finally 235 nm
for isopropyl alcohol-acetone (20:80). Comparable obser-
vations are seen for 3 and 5. Hydrolysis of Pb,Ti,O(OPr'),,
in isopropyl alcohol-acetone (50:50) gives a precipitate
composed of particles of diameter 682nm. For
Pb,Ti,0(acac),(OPr')s, a sol stable at least for five weeks,
is obtained from isopropyl alcohol-acetone (20:80).
Measurements of the particle size show that the sol consists of
nanoparticles with a diameter of 10 nm. For the composition

of 50:50, the particles are much larger [ 1650 nm (66%) and
240 nm (34%)]. These observations suggest that the control
of the particle size via the use of acetone requires an appropriate
choice of the solvent composition. Fig.4 shows histograms
obtained for the particles resulting from the hydrolysis—poly-
condensation of 1 and 3 in isopropyl alcohol-acetone (20:80)
and shows the influence of the ancillary ligand OAc vs. acac.

The influence of various other factors was estimated for the
hydrolysis of 1 in isopropyl alcohol-acetone (20:80).
Hydrolysis in basic conditions (NH3, 1 M) resulted in crystallis-
ation already at 500 °C but pyrochlore was present together
with perovskite (40%). Hydrolysis at room temperature fol-
lowed by refluxing over 20 h and calcination under dioxygen
in order to favour the elimination of the organic residues did
not significantly reduce the temperature of crystallisation.

Conclusion

Different Pb—Ti mixed-metal alkoxides having a stoichiometry
matching that of PbTiO; can be obtained. They are all based
on isopropoxides as the alkoxide ligand and while chemical
homogeneity can be obtained by using ethoxides, the stoichi-
ometry is no longer that required for PbTiO;. Access to Pb—Zr
species of 1:1 stoichiometry appears more tedious.!3"2° Better
homogeneity at the molecular level thus exists for the Pb-Ti
system than for the Pb—Zr one which in turn leads to lower
onset of crystallisation and lower tendency of segregation of
the MO, phase, although zirconium is also hexacoordinated
in all Pb-Zr species except Pb,Zr,(1,-0),(OAc),(OEt),, struc-
turally characterized so far. The various mixed-metal species
are non-volatile, they can thus not be used for classical, thermal
MOCYVD. However their solubility is compatible with their
use in aerosol-assisted CVD techniques (AACVD).*!

We thank the CNRS (GRECO 93 ‘Sol-gel inorganiques’) for
financial support and Dr F. Chaput (Paris) for the powder
XRD data.
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