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Simple ways to build up mixed-metal molecules which can act as potential single-source precursors to multime-
tallic oxides are reviewed. Emphasis is given to Lewis acid-base reactions between metal alkoxides M(OR),, and
between metal alkoxides and more accessible oxide precursors, carboxylates M'(O,CR), and B-diketonates M (-
dik) . Characterization of the precursors is achieved in the solid state (single crystal X-ray diffraction, FT-IR) and
by multinuclear NMR in solution. The reactions proceed toward the formation of aggregates in which the differ-
ent metals display their usual coordinations numbers, often six for transition metals, as shown, Strategies for
fixing the stoichiometry between the metals are developed. The reactivity of the MM’species (dissociation, effects
of chemical modifiers, of other metallic species, hydrolytic or non-hydrolytic condensation, etc.) will be indicated.
Transformations into oxides are illustrated on precursors for titanates or nichates.
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I. Introduction

imple or multicomponent oxide ceramics represent an

important class of advanced materials.” Traditional
routes based on reactions between solids at high tempera-
ture met severe limitations such as poor control of the prop-
erties (microstructure, surface area, etc.) and only body
shaped ceramics are accessible. Molecular chemistry opens
up new alternatives. Going from a molecular precursor to a
ceramic corresponds to an inorganic polymerization reac-
tion. The latter can be induced in solution by an appropriate
reactant-(water for the sol-gel process)-or in the vapor phase
by heat, thus featuring the MOCVD process (Metal Organic
Vapor Phase Deposition).” The most obvious precursors for
oxides are molecules having already metal-oxygen bonds,
namely metal alkoxides M(OR), or oxoalkoxides MO(OR),,
B-diketonates M(B-dik)n (dik=RCOCHCOR’) and metal car-
boxylates M(O,CR),. Basic requirements of precursors are
solubility for the sol-gel process, as well as for “wet MO-
CVI)Y techniques (which place less demand on the precursor
than classical MOCVD), volatility and a pyrolysable charac-
ter for conventional MOCVD. In terms of transformation
into the materials, high ceramic yields and controlled con-
version are desired. This implies to control the hydrolysis
rates, access to a suitable rheology (stable sols, homoge-
neous gels, viscosity...) especially for coatings and, for the
materials required in their crystalline form, low tempera-
tures of crystallization.

Metal alkoxides are the most used oxide precursors due to
an easy commercial availability and to the high lability of
the M-OR bond allowing facile tailoring in situ during pro-
cessing.” Multicomponent oxides are accessible by using
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mixture of precursors or “single-source” precursors in which
the metals-generally two- are incorporated in an unique
molecule in a ratio matching that of the desired material."®
Such molecules are expected to overcome the insolubility of
some precursors (alkoxides of dn metals such as copper), to
provide a better control of the microstructure of the final
material, and, for MOCVD, to facilitate the transport of
poorly volatile metal derivatives, barium for instance.”
They can improve stability toward moisture and/or oxida-
tion (for instance for barium) or stabilize unusual oxidation
states (for instance Ce(IIl) as CeAl (OPr)."”?

The paper will present some of our results on the synthe-
sis and use of single-source precursors for acces to multime-
tallic oxides via sol-gel routes.

1. Mixed-metal species vs mixtures of precursors:
toward homogeneity at a molecular level ?

Homogeneity can be seen as the absence of insoluble spe-
cies in a medium, or as homogeneity at a molecular level,
this involving an intimate mixing of the metals in an unique
molecule. Molecular design of precursors implies concern of
the latter aspect. How can one obtain processible mixed-
metal species ? Different strategies can be envisioned. They
are based on simple Lewis acid-base reactions or on substi-
tution reactions.

1.1, Lewis acid- base reactions

Such reactions are based on the mixing of alkoxides and
of other oxide precursors of different metals. They are lar-
gely used for wet chemical routes (sol-gel, aerosol assisted
CVD) for their convenience since no isolation of the effective
precursor is required. With the exception of silicon alkox-
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Fig. 1. “"Pb{'H} NMR as a tool for studies of multimetallic systems. The Pb,0(0OEt),-Nb(OEt), system in toluene.

ides (which are inert and must be prehydrolysed as R.,Si
(OH) species for formation of M-O-Si bonds), all reactions
between metal alkoxides were considered to lead to hetero-
metallic alkoxides, generally more soluble than the starting
materials, via dissolution of insoluble homometallic alkox-
ides. However data on molecular composition of solutions
derived from simple mixing remain limited. The stoichiome-
try of the reaction is determined a posteori after isolation
and characterization of the compounds. The distribution of
products of such reactions is at the mercy of thermodynamic
control. This is a drawback when stoichiometric control is
important as for some electroceramics, that criteria is less
important when only atomic scale mixing of the metals has
to be reached. Reactions between metal alkoxides and more
accessible oxide precursors namely acetates, PB-diketonates
or nitrates® are alternative routes to mixed-metal species
(eq 1a) or, if the latter are unstable, to heteroleptic (mixed
ligands) homometallic species (eq 1b)

—— MM (OR),Zn’,
+MZ 4 +
—— M(OR),-yM'(OR),, Z
where Z = OAc, B-dik, NO, ‘
The difficulty of the reactions involving only metal alkox-
ides is to get insight into the system. FT-IR data provide lit-
tle information. Multinuclear NMR appears as one of the
most powexful tool if the metal is active and sensitive.
Nuclei having spin I=1/2 and thus offering high resolution
spectra have being used. ¥8i NMR and the less common
2Pl NMR illustrate the potential.
Chemical routes to lead oxide materials have special value

M(OR)

hy

(1b)

('x'fy)

in material science due to the high volatility of lead oxide
resulting in a difficult control of the stoichiometry for solid
state routes. Monitoring of the reaction between lead oxoet-
hoxide Pb,0(0OEt), and Nb(OEt), by *"Pb NMR gave evi-
dence for a reaction (shift to higher frequencies, increase of
the solubility) and suggested a stoichiometry around 2: 3
(Fig. 1). However the lack of well characterized compounds
which can be used as references for lead limits structural
conclusions during association as well as subsequent trans-
formation by hydrolysis-polycondensation. More informa-
tion was obtained by isolation and characterization by
single crystal X-ray diffraction of the species, namely Pb,-
Nb,(11,-0)(OEt),, (1).” An interesting point is that the ratio
between the metals matches that required by the PNM
ceramic, PbNb, Mg, .O,. 1can be considered as a complex
between Pb,0,(OEt),, derived from Ph,O(OEt),, and the nio-
bium alkoxide via the peripheral oxo ligands. Similar spon-
taneous generation of oxo ligands affords the Pb-Ti species,
Pb,T1,0(0iPr),, (2) starting from the non-oxo alkoxides
[Pb(OiPr),]° and Ti(OiPr),."” These reactions are facile since
lead displays an extensive oxoalkoxide chemistry. By con-
trast, no reaction was observed between titanium or nio-
bium isopropoxides and the insoluble bismuth or zinc
isopropoxides (see 2.1.2).

1.1.1. Can oxoalkoxide clusters form MM species ?

Many metal alkoxides are actually oxoalkoxide clusters,
such as Pb,0(OEt),. Can they undergo formation of mixed-
metal species and provide homogeneity at a molecular level.
Lanthanide derivatives offer a large variety of oxoalkoxide
clusters. Compounds of type Ln,Ti(l.-O)(OPr?),, can be ob-
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tained by mixing of lanthanide oxoisopropoxides Ln,(u,-O)
(OPr),; (Ln=Y, Nd, Sm..) and titanium isopropoxide at
room temperature. Zirconium analogs Lr14Z1'O(OPri)14 are
obtained in similar conditions but their formation is less
favored probably as a result of the dimeric nature of zirco-
nium isopropoxide. These species can be seen as adducts
between M(OR), and Ln,O(OR),, via the central oxo L-
gand.'''® They could give access to homogeneous disper-
sions of the rare earth metal oxide into an inorganic MO,
oxide matrix. One can notice that the stereolability of metal
alkoxides or oxoalkoxides allows easy access to mixed-me-
tal species. Oxoalkoxide clusters do not hinder the forma-
tion of MM species but might actually offer an anchoring
site for the other metal via the oxo ligand.

1.1.2. How can one promote the formation of mixed-
metal species ?

Bismuth based electroptical materials are currently of
high interest due to their lower fatigue, by comparison to
PLZT for instance.'® Bismuth acetate is rather inert. No
reaction was observed between titanium or tantalum iso-
propoxides and the inscluble bismuth isopropoxide, illus-
trating the fact that formation of MM species by mixing
metal alkoxides is not as general as stated, especially when
polymeric and/or insoluble metal alkoxides are involved.

Thermal activation is precluded due to the tendency of
bismuth alkoxides to decompose into colloidal metal. The
formation of Bi-Ti species can however be induced by micro-
hydrolysis. BiTi,(u,-O)OiPr), can be obtained but the use
of ethoxides is a better choice since a species whose formula,
Bi Ti,0,(0EY),,,is directly related to the Bi,Ti,0,, electrop-
tic, is formed.' One can emphasis that for many insoluble
alkoxides, depolymerization cannot be achieved by other
metal alkoxides in anhydrous conditions, dissolution and
thus depolymerisation is promoted by the presence of water.
Such a situation is encountered, by accident, in material sci-
ence where commercial-and thus non-anhydrous solvents-
are used. For many systems involving homoleptic alkoxides
of different metals, oxoalkoxides are actually the true reac-
tive species for access to MM species.

The Ta-Zn system is another example illustrating the low
reactivity of some alkoxides toward formation of heterome-
tallic species. Generation of the oxo ligands, required for
assembling the different metals can here be generated by
ultrasonic activation. Ta,Zn,(,-0),(1,-0),(OiPr),, (3) re-
sults from the reaction of [Zn(OPr),] (and Ta(OPr),. Its
structure based on two triangular units shows that impor-
tant reorganization-generation of four oxo ligands-has oc-
curred and is presumably the origin of the need for activa-
tion for the Ta (or Nb)-Zn system.'™ It also shows, that by
contrast with most oxoalkoxides, the oxo ligands have a
small connectivity-doubly and triply bridging-in order to
decrease the coordination number (CN) of the pentavalent
tantalum centre to it usual value, namely six.

Absence of homogeneity at a molecular level was also
observed by mixing cerium isopropoxide Ce,(OPr)y(PriOH),
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and barium, titanium or niobium isopropoxides. The use of
ancillary ligands such as B-diketones,'® pinacol'” promoted
the formation of mixed-metal species and thus homogeneity
at a molecular level. Addition of acetic acid to a mixture of
titanium and zirconium alkoxides in isopropanol afforded
Zr,T1,0,(0Pr),(0P1),(OAc), and Zr,Ti,0,(0Pr),(OAc), re-
spectively as established by X-ray diffraction.’® The latter
reactions are quite complex since water is generated by
esterification and the assembly between the metals is actu-
ally ensured by oxo and acetato ligands.

1.1.8. Can one modify the stoichiometry MM be-
tween the metals ?

While the reactions between lLithium and niobium alkox-
ides or lead and titanium isopropoxides proceed toward the
formation of only one MM’ species, which interestingly dis-
plays the stoichiometry needed for applications, the situa-
tion can be less ideal as observed for the Ti-Ba or Ti-Sr
systems. Mixing barium and titanium altkoxides (R=Et, 'Pr)
in a 1: 1 stoichiometry, as required for BaTiO, gives several
MM’ species but not the expected one [BaTi(OR)G]m,‘S) since
this stoichiometry is unable to satisfy the high CN required
for barium. Oxo ligands can permit to adjust the stoichiom-
etry leading to Ti,Ba,0,(OPri), (PriOH), but homogeneity at
the atomic scale is lost upon redissolution.'

Chelating ligands such as B-diketonates or carboxylates
should also achieve high CN for barium. Barium acetate,
however, is inert. By contrast, the reaction between tita-
ninm ethoxide and barium tetramethylheptanedionate
affords  Ba,Ti(thd),(OEt)(EtOH), 4 (thd=tBuCOCH-
COtBu) by self-assembly.®™™ Each metal bears a chelating p-
diketonate, additional ethanol molecules allow barium to be
seven-coordinate. The insoluble barium acetylacetonate can
be used as well for access to Ba-Ti species of 1 : 1 stoichiom-
etry but the structure of the resulting species 1s different.
Titanium ethoxide and isopropoxide behave differently and
a Ba-Ti species of 1: 1 stoichiometry is no longer obtained
for isopropoxide. Sr-Ti species of 1 : 1 stoichiometry are ac-
cessible by a similar route independently of the alkoxide,
isopropoxide or ethoxide®” The structure of Sr,Ti,(thd),
(OiPr), is related to that of the BaTi species but strontium is
only 6-coordinated since no aleohol is present in its coordi-
nation sphere.

Reactions between metal alkoxides and p-diketonates
are prone to formation of homometallic species as a
result of redistribution reactions (eq 1b). The Ba-Ti and
Sr-Ti examples show that a convenient set of ligands
can stabilize mixed-metal B-diketonatoalkoxides. The
structure of the Ba-Ti species is retained in non-polar
solvents. However as a general feature, mixed-metal p-
diketonatoalkoxides are more semsitive toward Lewis
bases than homoleptic mixed-metal alkoxides owing the
rich coordination chemistry of the f-diketonates as com-
pared to that of metal alkoxides.”” Segregation of 4 is for
instance promoted in diglyme giving Ba(thd),(diglyme)
and Ti(OEt),.
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Scheme 1. Reactivity of M(OAc), toward group 5 and group 4
metal alkoxides.

1.1.4. Use of carboxylates as associated oxide pre-
cursors ?

Sol-gel techniques use often 2-ethylhexanoates as soluble
carboxylates. Acetates are better in terms of ceramic vield
and they could leave less carboneous residues but they
have been neglected due to their poor solubility. Are these
oxide precursors without value for solution routes or can
one take advantage of acetates as bridging ligands for
assembling different metals ?

The reactions between niobium alkoxides Nb(OR), (R =Ei,
'Pr) and anhydrous acetates M(OAc), (M=Mg, Ba, Pb, Cd)
were investigated (Scheme 1). With the exception of barium,
the reactions proceed smoothly at room temperature in sol-
vents such as hydrocarbons and are evidenced by the disso-
lution of the acetates giving Nb,M(u-OAc),(OR),, 52 The
formulation of 5 corresponds to simple adducts (no ester
ROAG) is eliminated at room temperature) since hexacoordi-
nation of the metals is achieved without the need of an oxo
ligand. Isopropoxides are more reactive than ethoxides due
to the presence of monomeric moieties. The choice of the sol-
vent might be crucial since it can act as a competing ligand
toward the metal carboxylate. Barium acetate remains inert
even under refluxing or in the presence of acetic acid.

The reactions are more diverse when anhydrous lead ace-
tate 1s reacted with group 4 metal alkoxides. Mixed-metal
species having oxo ligands are formed in all cases even at
room temperature, their MM’ stoichiometry is function of
the metal, titanium or zirconium, and of the R group.
Pb,Ti,0(0iPr),(OAc), only, matches the stoichiometry of
PbTi0,."” The non-formation of Pb-Zr species of 1: 1 sto-
ichiometry by mixing zircomium isopropoxide with lead
isopropoxide® or lead acetate (PbZr,0(0Ac),(OPrD),, is
formed in the latter case) accounts for the tendency to metal
segregation for solution routes to PhZrO,. FT-IR data and
especially the difference in the v, CO, and v,CO, stretching
frequencies (< to 200 cm™ in all cases) suggests that the ace-
tate ligands are in bridging or chelating positions for all
derivatives.

What is the origin of the different behaviour between nio-
bium and titanium alkoxides with respect to Pb(OAc),:
adducts for the former, oxo derivatives for the latter ? X-ray
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structural data provide some explanation while they also
establish unequivocally the heterometallic nature of the
species. Acetate ligands clamp the different metals together;
the transition metals, niobium or titanium are both 6-coor-
dinate having thus the coordination number required for
the perovskites. This usual coordination number is easily
achieved for the pentavalent niohium but requires an addi-
tional multidentate ligand for group 4 metals. The oxo
ligand O which is generated spontaneously from alkoxide
ligands at room temperature (via the elimination of RCOMe
esters at higher temperatures giving then different, more
condensed Pb-Ti products)'™® and which assembles here
four metals allows to attain hexacoordination.

Lanthanide acetates can also react with alkoxides such as
zirconium isopropoxide but heating is required. [GdZr,(u,-
O)OAC),(OPr), ], is formed. It structure is based on the
assembly via acetates of two tetranuclear GdZr,0(0OAc),
(OPr),, units,™ analogous to PhZr,0(0Ac),(OPr),,. One can
thus notice that the structure of mixed-metal species in-
volves some basic building blocks. Zirconium 2-methoxy-
ethoxide is more reactive and dissolution of the lanthanide
acetate is achieved at room temperaturein a 1 : 1 stoichiom-
etry. Scheme 2 collects some of the basic building blocks
observed for mixed-metal species. One can notice that the
alternating hexacoordinated metals M=Mg, Pb, Cd and nio-
bium in 5 preform the columbite network.

NMR data (‘H, *C, *"Pb, "’Cd) indicate that the solid
state structures of all preceeding species are retained in
non-polar solutions. 2"Pb NMR data of the Pb-Ti and Pb-Nb
species indicate a decrease in the chemical shifts with
respect to the lead derivatives. This corresponds to an
increase in the coordination number of lead, from four to
five or six in the single-source precursors.

PbMgNbyO(OAC)(OP) 1o

Pb4O(OPri)g
wluene-hexanc

[Pb(OPri)y ke M=Mg [Ba(OPr)glea
tolucne-hexane RT | hexane RT
T M=Mg, Cd no
LepPPOH o |MNby(OAc)(OP)g) modifieation
toluene, heat
M=Fb
toluene, heat
-AcQPr!

1 /2Fb2N'b4O5(OAc)2(OPri) 12

Scheme 2, Reactivity of the MNb,(OAc),(OPri),, M=Mg, Cd,
Pb) species.

2. How to conirol the stoichiomelry between the
metals ? Use of metalloligands

For all reactions based on Lewis acid-base interactions,
the stoichiometry of the MM’ species is determinated a pos-
terdori. Rational construction of MM’ species requires con-
trol of the stoichiometry between the metals . This can be
achieved by synthetic routes based on metathesis reactions
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(eq. 2), or on strategies using the reactivity of coordinated
ligands, the most common being alcohols (eq. 3). The driving
force of these reactions is the elimination of insoluble or vol-
atile by-products.*® The latter reactions can be used direct-
ly during the processing.

MX, + sM"M(OR),,, > MM, (OR),.., ., *M’X @)
M’=Li, Na, K
M’ (—x/2 H,)
M(OR),(ROH), { —M M(OR),, (3)
x M, (x ZH)

with Z=H, R, NR,

These reactions rely on the availability of appropriate
synthons, namely heterometallic alkoxides for instance
based on alkali metals (eq. 2) or alcohol solvates™ (eq. 3).
The acidity of alecohol is enhanced by coordination but sta-
ble alcohol solvates are not always available with usual
alcohols. Hydroxyl functionalities can generally be intro-
duced in the coordination sphere by reacting metal alkox-
ides with polyols such as triethanolamine, pinacol, etc.
These species act as metalloligands. The formation of
LaNb,(tea),(OR),, R=Pr, teaH =triethanolamine)*” and of
the cerium (IV)-titanium pinacolate Ce,T1,0,(pin),(pint),
(OiPr), [pinH,=pinacol=Me,C(OH)C(OH)Me,|* illustrates
this strategy,'” the parent alcohol being eliminated in the
process. For the La-Nb species, the central atrane actsasa
template as well as an assembling ligand.*” Some degree of
topological control can thus be exerted by use of metallo-
ligands based on an appropriate polyfunctional organic frag-
ment.

La(OR),(ROH),+2 teaH ,—La(tea), H +5 ROH (4a)
La(tea),H, +3 Nb(OR),—~LaNb,(tea),(OR),+3 ROH  (4b)
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where the H in the polyol and complex formulation stand for
the hydroxyles

2.1. What reactivity can be expected for mixed-metal
species ?

Chemical modification of homoleptic mixed-metal alkox-
ides may also give access to single-source precursors as well
as tailor their properties. A basic question is: does the reac-
tion proceed with conservation or modification of the sto-
ichiometry between M and M’ ? Data remain scarce but we
have observed a trend for the modification of the stoichiom-
etry via the extrusion of insoluble species usually based on
main group elements. The reaction between Pb,Ti,0(0iPy),,
and controlled amounts of acetic acid or acetylacetone giv-
ing Pb,Ti(,-0)Z,(OPri), (Z=0Ac, acac) is a rare example
of chemical modification with retention of the stoichiometry
since only small structural variations occur by introduction
of the bidentate ligands (all metals are assembled around a
central yi,-0xo ligand).'?

The structure of MM’ species is usually retained in non-
polar solvents. Hydrolysis-polycondensation reactions are
mostly performed in polar media, the parent alcohol. This is
not always the best choice especially for MM’ species based on
classical OR ligands only or for p-diketonatoalkoxides. Alechol
can promote dissociation if stable solvates M(OR), (ROH), or
MZ,(ROH), can be formed, precipitation of msoluble species
is another possible drawback. Precipitation of barium isopro-
poxide was observed by dissolution at room temperature of a
Ba-Ce isopropoxide, Ce,Ba,(OPr),, in isopropanol.'®  Addi-
tion of & common modifier, 2-methoxyethanol, to a solution of
Nb,Ph,0,(0OEt),, promotes the precipi-tation of insoluble,
polymeric lead methoxyethoxide and thus change in the sto-
ichiometry. These examples show that some knowledge about
basic chemistry of a system is desirable in order to select
appropriate solvents and/or additives.
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2.1.1. What about reactions with other metallic spe-
cies ?

Investigation of a number of systems has indicated that
formation of terheterometallic species in processing condi-
tions (without the driving force of precipitation of alkali
metal halides (i.e. eq. 2), although accessible, requires a spe-
cial set of ligands. Thus if three or more different metals
are involved, the medium is likely to be a mixture of hetero-
metallic species based on two different metals only. Scheme
3 summarizes the reactivity trends of MNb,(OAc),(OPri),,
Species involving lead are more sensitive to thermal con-
densation via elimination of isopropylacetate (vCO, 1759
em™) than those based on other divalent metals such as
magnesium or cadmium. This is probably related to the ste-
reochemical versatility of the lead centres which, by con-
trast to the other metals can adopt a variety of CN and
display a lone pair.””

Knowledge of the intermediates on the way to the mate-
rial remains scarce: does the hydrolysis-polycondensation
reactions proceed via heterometallic M-O-M or via homo-
metallic M-O-M and M-O-M’ species ? Getting insight is
difficult in general, as a result of the lack of appropriate
techniques for studies in situ or of amorphous intermedi-
ates. Studies are essentially limited to M-0-Si® or M-0-Al
systems.”® lnvestigations of the first steps of hydrolysis
polycondensation reactions have indicated conservation of
the stoichiometry between the metals for the LilNb(OEt),
species divectly related to LiNbOS.Z) The Ba-Ti system, by
contrast, illustrates the complexity which can be encoun-
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tered for heavy metals displaying a variety of CN and/or
alkoxide ligands having numerous coordination modes.
Hydrolysis of Ba and Ti 2-methoxyethoxides leads to the
isolation of Ba,Ti, 0, (OC,H,OMe),. Segregation is also
favored here by slow processing (about 2 months).”

8. Condensation reactions: Processing into materials

Various mixed-metal species based on niobium or tita-
nium and having a MM’ stoichiometry related to materials
can be available easily and in high yields (>80%). Are these
precursors useful for material science ? Is control of the sto-
ichiometry between the metals enough ? what is the benefit
of mixing of the metals on the molecular scale ?

Table 1 collects the results of the hydrolysis polconden-
sation of species with different MM’ stoichiometries. The
value of a mixed-metal species with respect to a mixture
of precursors can be illustrated by the Ta-Zn or Bi-Ti sys-
tems. Hydrolysis of Bi, Ti,0,(OEt), in THF offers directly
Bi,T1,-0,, which cristallizes at 470°C. This temperature is
~200°C lower than that for other solution routes to
Bi,Ti,0,,,"” using Ti(OR), associated to bismuth acetate or
nitrate, since no pyrochlore is formed as intermediate.
Indeed, solutions containing Bi(OAc), and Ti(OEt), (4:3
stoichiometry) in 2-methoxyethanol and in which no
molecular homogeneity exists, lead to a multiphased
material, Bi,T1,0, and Bi,Ti, O,, at 500°C requiring tem-
peratures up to 700°C for conversion into the pure perovs-
kite.”” Bi,Ti,0,, is obtained as a powder starting from the
ethoxide but the rheology can be tailored by using 2-meth-

Table 1. Conversion of Mixed-Metal Species by Hydrolysis-Polycondensation

Compound Hydroly S(?{Tc)o nditions crig:];%i;:;gon ™C Crystalline material (XRD)
A) Niobates and tantalates MgNb,0,
MgNb,(OAc),(OPri),, THF (0.1 M) 600 MgNb,0,
MgNb,(OPri),, PriOH (0.06 M) 850 MgNb,0,
MgNb,(OEt) ,(EtOH), EtOH (0.02 M) 650 CdNDb,0,
CdNb,(QAe),(OPri),, THF (0.1 M) 600 PbNb,0,
PbNb,(OAc),(OPri),, Pri OH (0.1 M) 600 300 PbNb,O,+PbNb,0,, ()
[PbNb,O(OPri), ] Pri OH (0.1 M) 600 Pb,Nb,0
Zn,Ta,0,(OPri)., THF (0.02 M) 750 150 PDND,O+PENDO, (e)
7n,Ta,L(OPxi),, Pri OH (0.05 M) ZnTa,0,
Zn(OEt),+2Ta(OE), EtOH 800 Loop  ZnTa;057n,Ta,0,(ey+Ta,04(e)
B) Titanates and zirconates ’ Ta,0,)+Zn0
Pb,Ti,0(0Pri),, Pri OH (0.1 M) 475 0o PRTLOGPYTIO;
Pb,Ti,0(0Ac),(OPri), THF (0.01 M) 600 PbTiO,
PriOH-+acetone 500 PHTiIO,
Pb,Ti,0(0Ac),(OE),, THF (0.01 M) 600 1,000  PbTiO,
PhZr,0(0Ac),(OPri), THF (0.01 M) 600 PbTi,0,tred PbO
PbTiO+TiO, (rutile)
PbTi,O(0EL), EtOH (0.05 M) 650 500 cubic ZrO,+amorphous material
PbZrO,+cubic ZrO,
Gd,Zr,0,(0Ac),(OPri),, THF (0.01 M) 600 PbTiO,+red PbO
Bi,Ti,0,(OEt),, THF (0.01 M) 470 cubic Zr0,+Gd,0, (solid solution)
THF (0.01 M) Bi,Ti,0,,
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Z = Opri

) PriQH, RT
PbaTiz(it4-0)Z2(0Pr)g
Hy0Q
(h = 100)

Fig. 2. Hydrolysis-condensation of various lead-titanium precursors.

oxyethoxides in the parent alcohol Hydrolysis affords
physical gels easily converted into sols which can be
spread on silica wafers by spin-coating techniques. Coat-
ings up to 150 nm thickness can be built up.'” Crystalliza-
tion of the perovskite is observed at 500°C.

3.1. What is the effect of the ancillary ligands ?

The various Pb,Ti,(1,-O)(OiPr),Z, species (Z=0'Pr, OAc,
acac) allow to estimate the effect of ancillary ligands Z.
Hydrolysis was achieved in similar conditions (PrOH, 0.01
M.I', hydrolysis ratio h=[,0)/[Pb,Ti,0(0iPr),Z,]=100).
Amorphous powders are obtained but they have different
characteristics.” The FT-IR spectra of the powders resulting
from the acetate or acetylacetone derivatives show vCO
absorptions bands (1600-1400 cm™) indicating differential
hydrolysis (chelating ligands are less susceptible to water).
These ligands are eliminated below 400°C as shown by TGA
and leave no carbonates residues. They allow a controlled
transformation into the material and PbTiO,, is obtained
directly at 500°C. By contrast, crystallization of the powders
derived from Pb,Ti,0(QiPr),, (Fig. 2) gives Pb,T1,0,, heating
to 700°C is needed for pure PbTiO,."”

The effect of ancillary ligands can also be seen with the
Ba-Ti precursors. The B-diketonate preclude extensive poly-
merization and sols are formed by hydrolysis. However, the
structure of the Ba-Ti acetylacetonate in which the p-diketo-
nates are all on barium favours segregation and a mul-
tiphasic material (BaTiO,, BaTi, 0, and BaO) is crystallized
at 800°C. By contrast pure BaTiO, results from the hydroly-
sis of Ba,Tiy(thd),(OEt),EtOH),.*”

3.2, Effect of the solvent: Non-hydrolytic condensa-
tion

Z = 0Ac, acac
|27 e A
A

Vol. 6, No. 4

# Perovslkite

© Pyrochlore

A

An undesirable effect of a solvent is to promote segrega-
tion between the metals. A more attractive aspect is to
change the condensations mechanism., Use of acetone as a
solvent for Pb,Ti,0(0Ac),(0OPr), for instance leads to a pre-
cipitate having spectroscopic characteristics similar to those
obtained by addition of water, namely broad absorption
bands around 800 em™ accounting for M-O-M bonds. Is the
formation of these M-O-M bonds the result of accidental
hydrolysis or of a reaction with acetone ? Proton NMR mon-
itoring indicates a reaction leading to a precipitate and mes-
ityle oxide. Acetone can induce non hydrolytic sol-gel con-
densation.? Tts extent is related to the bacisity of metal
alkoxides. From a molecular chemistry point of view, these
reactions proceed via the formation of an enolate. This was
confirmed by the isolation of Ti,(,-0),(O'Pr),(OCMe= CH,),
(‘PrOH) obtained by condensation of Ti(QO'Pr), in neat ace-
tone. This titanium species is a precursor to organic-inor-
ganic materials via polymerisation with organic moities.™
From a material science point of view, the use of acetone
associated to isopropanol (1/4 in volume) for the hydrolysis
medium of Pb,Ti,0(0Ac),(0iPr), allows a decrease in the
particle size (from 9800 nm to 235 nm) and of the tempera-
ture of crystallization of lead titanate. Use of acetone allows
also to control the nature of the crystalline phase, it avoids
the formation of pyrochlore in the transformation of
Pb,TL,0(0Pr),,. Acetone can thus be a handle in sol-gel
chemistry.*® Fig. 3 illustrates the effect of acetylacetonate
on the particle size.

IV. Conclusion

A large range of mixed-metal species is accessible in mild
conditions, often at room temperature, by mixing metal
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Fig. 3. Comparison of the particle size (in nm) of the sols
resulting from hydrolysis of Pb,Ti,0(0iPr),Z, Z=acac (a) Z
=0Ac (b) in acetone: isopropanol (1:4) for h=100.

alkoxides (or oxoalkoxides) and appropriate other oxide pre-
cursors. “Single-source” precursors of MTiO, (M=Pb, Ba, Sr)
are available. The choice of an OR group, of an ancillary
ligand Z, acetates or different B-diketonates, is not innocent
for access to precursors matching the MM stoichiometry of
materials by using Lewis acid-base reactions. One can no-
tice the importance of an oxo ligand; the versatility of its
coordination modes (I, to jL,-) allows to adjust the coordina-
tion number of the metals. It can be essential for the reac-
tivity of some metal alkoxides and can be generated by
traces of water or of dioxygen,® from alkoxide ligands or by
elimination of esters when carboxylic moieties are involv-
ed. Control of the stoichiometry between the metals can be
achieved in processing conditions (formation of volatile
by-products) by wusing the reactivity of coordinated
ligands, alcohols or polyols especially. From a structural
point of view, transition metals display generally their
common coordination number, six, in the precursors while
the situation is more diverse for the main group metals
with the need for barium to acceed to high CN while lead
and bismuth have relatively low CN (as compared to solid
state chemistry and perovskites related structures) and
stereochemical active lone pairs. Important structural
changes are thus likely to occur during the passage from
the precursor to materials and control of the stoichiome-
try between the metals is not the only criteria of impor-
tance for the transformation. The other ligands (acetates,
B-diketona-tes,..) play an important role which remains to
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be fully understood: what is their effect on the stabiliza-
tion or destabilization of intermediate phases and as a
result on the temperature of crystallization ? Dissociation
processes, promot-ed either by a poor choice of the solvent
or by structural features such as ligation via peripheral
oxo lizands, will lead to multiphased materials and thus
to higher crystallization temperatures. The use of acetone
as cosolvent is a handle which deserves more investiga-
tion especially for control of particle size. Better knowl-
edge about the behavior of polyhydroxylated systems is
desirable for access to appropriate rheology without the
toxic 2-methoxyethanol and for getting homogeneity at a
molecular level.
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