
Account / Revue

Heterobimetallic bismuth–transition metal coordination complexes
as single-source molecular precursors for the formation

of advanced oxide materials

Teyeb Ould-Ely, John H. Thurston, Kenton H. Whitmire *

Department of Chemistry, MS-60, Rice University, 6100 Main St. Houston, TX 77005, USA

Received 5 October 2004; accepted 4 April 2005

Available online 21 July 2005

Abstract

In this manuscript we outline recent results on the synthesis of heterobimetallic coordination complexes involving bismuth
and the transition elements using either bifunctional ligands or Lewis acid–base adduct formation as a synthetic strategy. Sig-
nificant structural features in the molecular heterobimetallic species resulting from these two approaches are highlighted. The
ability of these complexes to act as single-source precursors for the formation of advanced oxide nanomaterials has been inves-
tigated, and the potential of these complexes versus traditional methods for the formation of advanced ceramics is discussed. To
cite this article: T. Ould-Ely et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Dans cette revue, nous discutons les aspects récents de notre synthèse de composés hétérobimétalliques de coordination
comportant le bismuth et un métal de transition. Cette stratégie de synthèse est fondée sur l’usage, soit d’un ligand bifonctionnel,
soit d’un acide ou d’une base de Lewis. Des caractéristiques structurales intéressantes de ces composés sont également dis-
cutées. L’usage avantageux de ces complexes à source unique pour synthétiser des nanoparticules d’oxydes mixtes de très haute
pureté est également évoqué. Pour citer cet article : T. Ould-Ely et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Bismuth, based oxide materials are receiving con-
siderable attention for their numerous potential appli-
cations including as oxidation catalysts [1], next gen-
eration memory devices [2], high Tc superconductors
[3], high temperature electrolytes [4] and nonlinear opti-
cal materials [5]. Additionally, bismuth oxide has been
used for the oxidative coupling of methane and for C–H
bond activation and radical-surface reactions for pro-
pylene and methane [6]. Additionally, some bismuth
vanadates are photocatalysts whose activity has been
described as being more than five times that observed
for TiO2 for the decomposition of water [7]. Many
binary bismuth oxides are thermochromic and are being
explored as environmentally benign alternatives to
replace cadmium or lead based systems [8].

Arguably, one of the most active areas of research in
bismuth oxides centers on the investigation of new fer-
roelectric materials and their use in the development of
new nonvolatile random access memories (NVRAM).
Of particular significance are a series of layered oxide
materials known as the Aurivillius phases. All of the
Aurivillius phases show significant ferroelectric behav-
ior and are, therefore, potential candidates for ferro-
electric random access memories (FRAM). The com-
position of the Aurivillius phases can be expressed by
the general formula (Bi2O2)2+(An–1BnO3n+1)2– where
A and B can be any metal ion with the appropriate
charge to radius ratio [9]. Most commonly, A is Bi, Pb,
Sr, Ca or K and B is Ti, Zr, Nb, Ta, Mo, W, Fe or Co. Of
all the potential combinations that have been created
from the general formula, those containing the transi-
tion metals titanium, niobium or tantalum have shown
the greatest promise for the development of significant
ferroelectric materials [10,11].

The performance of many bismuth-based oxide sys-
tems is sensitive to the synthesis conditions [12]. Oxides
produced under mild conditions, such as sol–gel [13],
metal organic decomposition (MOD) [14], chemical
bath deposition [12], ionic layer deposition [15,16], or
co-precipitation techniques [17,18], often display
improved properties compared to that achieved from
traditional solid-state syntheses. It has recently been
shown that the use of molecular single-source precur-
sors often allows for the formation of crystalline bime-
tallic or multimetallic oxides at conditions even milder
than what can be achieved by sol–gel or co-precipitation

routes [19]. This has been attributed to the intimate and
controlled mixing of the metal species at the molecular
level, which greatly facilitates the crystallization pro-
cess of the product oxide [20]. Furthermore, these pre-
cursors can be used with both spin-casting techniques
to form oxide thin films or with thermolytic or hydro-
lytic techniques to form discrete crystallites. Conse-
quently, we have sought to develop a rational approach
to the synthesis of bismuth-transition metal oxides
through the use of discrete well-defined molecular pre-
cursors. We have further sought, where possible, to
ensure that the synthetic approaches developed were
flexible and general enough to allow for the inclusion
of a wide range of transition metal species so that the
effects of doping on the chemical and physical proper-
ties of the product oxides might be investigated directly.

However, the synthesis of such heterobimetallic
coordination compounds remains complicated by the
frequently divergent electronic and coordination re-
quirements of the two or more different metal species
present in the target complex. These problems are fur-
ther exacerbated when attempting to form discrete
molecular complexes involving bismuth, due to the fact
that this metal is an extremely strong Lewis acid and
can readily expand its coordination sphere to form
hypervalent coordination complexes. The result of these
physical characteristics is that many simple bismuth
coordination complexes tend to be intractable coordi-
nation polymers or oligomers. Additionally, bismuth
rarely adopts a regular coordination geometry, which
makes the ‘rational’ design and synthesis of heterobi-
metallic species still more problematic.

As a result of these features, there is relatively little
structural information available for bimetallic alkox-
ide or carboxylate complexes of bismuth and other met-
als. Known compounds are limited to several alkali or
alkaline-earth metal species [10,21,22].A few bismuth–
transition metal alkoxide complexes such as
[BiCl3OV(OC2H4OMe)3]2 [23], BiTi2(µ3-O)(µ-
OiPr)4(OiPr)5 [24] Cp2MoBi(µ2-OEt)2(OEt)2Cl
(Cp = C5H5) [25], have been reported. Bismuth–mo-
lybdenum allyl carbonyl complexes such as [(µ3-
CHC(CH3)CH2)Mo(CO)2(µ2-OEt)3Bi(OEt)]2 have
been characterized [26]. Also, two substituted polyoxo-
metalates of general composition [NBu4]3[M4Mo(µ5-
O)2(µ2-OMe)4(µ2-O)8(NO)(O)4]2Bi (M = Mo, W) are
known [27]. Of the compounds reported,
[BiCl3OV(OC2H4OMe)3]2, Cp2MoBi(µ2-OEt)2-
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(OEt)2Cl and many of the allyl–molybdenum com-
plexes contain halide ions that would likely act as a
contaminant of the final oxide material. The polyoxo-
metalates do not contain the correct stoichiometry of
metals to make them useful precursors for the forma-
tion of the ferroelectric Aurivillius phases. This leaves
only BiTi2(µ3-O)(µ-OiPr)4(OiPr)5, Bi4Ba4(µ6-O)2(µ3-
OEt)8(µ-OEt)4(g2-thd)4 (thd = 2,2,6,6-tetramethyl-
heptanedione), Mo2Bi2(CO)4(µ2-OCH2CH3)8(g3-CH2-
C(CH3)CH2)2 and possibly [MoBi(CO)2(µ2-
OCH2CH2OCH3)3(g3-CH2C(CH3)CH2)(THF)][BF4]
as well-characterized potential precursors for advanced
oxide materials based on bismuth [28].

We report in this account recent progress in our labo-
ratory on the preparation and reactivity of heterobime-
tallic bismuth based coordination complexes involving
both early (e.g. Ti, Nb and Ta) and late (e.g. Cu, Ni and
Co) transition elements. Our synthetic approach relied
on the utilization of the bifunctional ligands derived
from salicylic acid (Fig. 1: Hsal–, HOC6H4CO2

–; sal2–,
OC6H4CO2

2–) to direct the stepwise introduction of the
different metal species into the final compound for the
early transition metals, as illustrated in part 1 of Fig. 2-1.
Alternately, in the case of the late transition elements,
we were able to use pre-formed metal complexes
M(acac)3 (acac = acetylacetonate) and M(salen)
(salen = ethylenebis-salicylimine) as ligands to coordi-
nate the bismuth center through direct Lewis acid–
base adduct formation (Fig. 2-2). We discuss here these
two versatile routes to the formation of discrete,
molecular heterobimetallic complexes of bismuth and
the utility of these compounds in the formation of
advanced materials, including both bulk oxides and dis-
crete nanoparticles.

2. Heterobimetallic complexes of bismuth(III)
salicylate

2.1. Bi–Ti heterobimetallic complexes

Despite the extensive use of salicylate salts of bis-
muth in pharmaceutical applications [29], very little is
known of the reaction chemistry of this material, par-
ticularly with respect to the interaction this complex
with other metal species. We found that it is possible to
prepare a soluble, and consequently reactive, form of
bismuth saliyclate through the acidolysis of triphenyl-
bismuth with salicylic acid in refluxing toluene [28].
The salicylate ligand shows considerable diversity in
its metal binding properties from its ability to act as
Hsal– or sal2–, as well as utilizing both the carboxylate
and phenolic functions (Fig. 1). While the structure of
the [Bi(Hsal)3]n has not been conclusively determined,
we have found that it is a versatile reagent for the for-
mation of heterobimetallic coordination complexes
through reaction with the metal alkoxide Ti(OiPr)4 via
alcohol elimination reactions [30]. Considerable diver-
sity in the structural and chemical properties of the

Fig. 1. Table of potential coordination modes of salicylic acid between
one or more metal centers.

Fig. 2. Detail of the general synthetic strategies employed for the
production of heterobimetallic coordination complexes of bismuth
salicylate via either a bifunctional ligand (1) or Lewis acid–base
adduct (2) approach.
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resulting heterobimetallic species can be obtained
through adjustment of the reaction conditions includ-
ing solvent polarity, water concentration, concentra-
tion of salicylic acid and metal stoichiometry, among
others. Consequently, we have been able to employ this
synthetic approach to produce numerous heterobime-
tallic species including Bi2Ti3(sal)8(Hsal)2,
Bi2Ti4(sal)10(Hsal)(OiPr)cH2O, BiTi4(sal)7(OiPr)6,
Bi4Ti4(sal)10(OiPr)8 and Bi8Ti8(sal)20(OiPr)16 [30]. A
diagram of the solid-state structure of BiTi4(sal)6(OiPr)7

[30b], which provides a general representation of the
nature of interaction between the bismuth carboxylate
and the transition metal alkoxide, is provided in Fig. 3.

The driving force for the formation of the heterobi-
metallic species using this synthetic approach appears
to lie in the acidity of the residual phenolic protons in
[Bi(Hsal)3]n, coupled with the ability of the salicylate
ligand to form a stable chelate complex with the tran-
sition metal center. It is important to emphasize that
several of these complexes were observed to co-
crystallize with water, illustrating that the salicylate
ligand is not only able to serve as an effective scaffold
for orientation and association of the two metal species
with one another, but the interaction of the salicylate
ligand with the transition metal center is able to appre-
ciably attenuate the hydrolytic reactivity of the residual
alkoxide ligands and prevent premature hydrolysis.
Indeed, several of the compounds described here can
only be isolated if small amounts of water are present
in the reaction mixture. Multinuclear NMR experi-

ments [30b] of these compounds give results that are
consistent with the structural and symmetry consider-
ations derived from the crystallographic data, thereby
suggesting that these compounds are able to retain their
solid-state structure in solution. This structural stabil-
ity coupled with the stability of these complexes against
unwanted hydrolysis suggests that these systems may
be viable precursors for the formation of advanced oxide
materials by solution-based routes. This resistance to
unwanted hydrolysis coupled with spectroscopic evi-
dence that many of these complexes are able to retain
their solid-state structure in solution, suggests that the
compounds Bi4Ti4(sal)10(OiPr)8 and [Bi4Ti4(sal)10-
(OiPr)8]2 were both isolated from a mixture of bismuth
salicylate and titanium isoproxide that was rich in the
transition metal species. These complexes are structur-
ally important as they represent examples of heterobi-
metallic coordination complexes that are equimolar in
both a heavy main group element and a transition metal.
The difficulty in preparing such complexes has been
previously observed, and has been attributed to the
higher coordination requirements of the main group
metal [31]. As a result of these requirements, heterobi-
metallic species almost invariably are rich in the tran-
sition element. Here, it appears that the chelating abil-
ity of the salicylate ligand, both through the carboxylate
and phenolic oxygen atoms as well as through g6 inter-
actions of the arene ring, is able to control the coordi-
nation environment of the bismuth to an extent that the
isolation of 1:1 complexes is possible.

This work illustrates that bismuth salicylate is a ver-
satile reagent for the formation of heterobimetallic coor-
dination complexes. Initially, it was assumed that the
likely product of these reactions would be the forma-
tion of complexes in which the metal centers were
assembled by bridging interactions between carboxy-
late and oxo ligands. This chemistry has wide prece-
dent in the interaction of other main group metal car-
boxylates (principally acetates) with titanium alkoxides.
However, the formation of oxo or hydroxo ligands was
not observed in any of the reactions that we have
attempted. This is likely due to the stability of the sali-
cylate chelate interaction with the metal center. It
appears, in this case that the Lewis acidic nature of the
bismuth atoms is satisfied by bridging interactions with
the titanium centers, and by interaction with the arene
ring of two of the salicylate ligands. The impetus for
the ligand transfer is likely tied to the strong Lewis

Fig. 3. Ball-and-stick representation of the solid-state structure of
BiTi4(sal)6(OiPr)7. In the illustration, bismuth is orange and the tran-
sition metal is green [30b].
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basicity of the alkoxide ligand and to the stability of
the O,O′ chelate that the salicylate ligand is able to form
with the titanium center.

2.2. Bi–Nb and Bi–Ta heterobimetallic complexes

Like titanium, the alkoxides of niobium and tanta-
lum readily react with bismuth salicylate to produce
heterobimetallic coordination complexes under very
mild conditions. The complexes produced from the
reaction of niobium or tantalum alkoxides with bis-
muth salicylate and salicylic acid can be generally
grouped into two categories: one containing com-
plexes in which the metal centers interact only through
bridging salicylate ligands (i.e. Bi2M2(sal)4(Hsal)4-
(OiPr)4 (Fig. 4) and Bi2M2(sal)4(Hsal)4(OEt)4 (M = Nb,
Ta)) and another in which the transition metal centers
are assembled through µ-oxo ligands (Bi2M2(µ-
O)(sal)4(Hsal)4(OEt)2·H2O and BiM4(µ-O)4(Hsal)3-
(sal)4(OiPr)4 (M = Nb, Ta)) [30a]. As with the titanium-
based complexes, there is a complex dependence on
the solvent system employed in the reaction, the con-
centration of water in the reaction mixture and, poten-
tially on the pH, to determine whether one or more oxo
ligands will be produced. The solution-state behavior
of these complexes appears to vary dramatically from
that of the titanium-based systems.

Heterobimetallic complexes containing bismuth and
niobium or tantalum can be readily synthesized in a

stepwise manner if careful control is paid to the nature
of the organic ligand that is employed in the synthesis
and to the reaction conditions that are used in the for-
mation of the product. The products display influences
of the coordinative flexibility of the salicylate ligands,
the relative solubility of the bimetallic products in a
given solvent system, the oxidation state of the transi-
tion metal, the tendency of the transition metal to remain
octahedral and the ability of bismuth to easily expand
its coordination sphere. It seems likely that the cumu-
lative effects of these traits, acting in concert, are what
ultimately determine the composition and structure of
the bimetallic complexes.

2.3. Lewis acid–base adducts of bismuth salicylate

While the reaction of bismuth salicylate [Bi(Hsal)3]n

with transition metal alkoxides produces stable hetero-
bimetallic species under very mild conditions and in
appreciable yields, direct stoichiometric control over
the relative ratios of the two metal species in the final
products have been difficult to achieve using this syn-
thetic approach. The ability to ‘design’ such com-
plexes remains elusive. As a result, we have explored
alternate routes to the formation of heterobimetallic
coordination complexes of bismuth. b-Diketonate com-
plexes of the general form M(acac)3 have been shown
to form stable complexes with a broad range of the tran-
sition and main group elements and the lanthanides.
Consequently, we have investigated the ability of these
systems to form Lewis acid–base adducts with bis-
muth(III) salicylate, with the intention of producing a
general route to the formation of heterobimetallic coor-
dination complexes for potential use as precursors for
advanced oxide materials.

As noted in the introduction, bismuth salicylate pos-
sesses a significant Lewis acidity that we have been
able to exploit for the synthesis and isolation of the
complexes [Bi(Hsal)3(bipyridine)]2·2 toluene and
[Bi(Hsal)(sal)(1,10-phenanthroline)]2·2 toluene [32].
Similarly, we have found that bismuth(III) salicylate
reacts readily with trivalent metal diketonate complexes
to form 2:1 adducts of the formula Bi2(Hsal)6·M(acac)3

(M = V, Al, Fe, Co, Cr) [33]. The solid-state structure
of Bi2(Hsal)6·Al(acac)3 is illustrated in Fig. 5.

Despite the strong structural similarities between the
complexes, there is a dramatic difference in stability
of the solutions of Bi2(Hsal)6·Al(acac)3 and

Fig. 4. Ball-and-stick representation of the solid-state structure of
Bi2Nb2(Hsal)4(sal)2(OEt)2(µ-O) [30a]. In the illustration, bismuth is
orange and the transition metal is green.
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Bi2(Hsal)6·Co(acac)3. Unlike Bi2(Hsal)6·Al(acac)3,
which appears to be stable for several days in solution,
Bi2(Hsal)6·Co(acac)3 undergoes rapid dissociation on
dissolution, so that the only species that is detected by
1H NMR is Bi(Hsal)3·Co(acac)3. In this case, the
aromatic region of the spectrum shows the anticipated
through-bond coupling consistent with the presence of a
single ligand environment [33]. The reasons for the dif-
ference in stability of solutions of Bi2(Hsal)6·Al(acac)3

and Bi2(Hsal)6·Co(acac)3 are not clear.
As with the alkoxide derived heterobimetallic spe-

cies, multinuclear (13C and 27Al) NMR experiments
[33] suggest that, with the exception of M = Co, these
species are able to dissolve into in non-coordinating
solvent intact. In the case of the cobalt complex, disso-
lution results in rapid elimination of one of the “Bi(H-
sal)3” units, so that Bi(Hsal)3·Co(acac)3 is the only spe-
cies that is detected. Direct evidence for interaction of

the b-diketonate complex with the bismuth carboxy-
late has been obtained from the 27Al MQ-MAS NMR
spectrum of Bi2(Hsal)6·Al(acac)3, which shows a single
resonance with peaks at d = 1.59 and –0.18 ppm
(Fig. 6a). This chemical shift of this peak represents a
significant downfield shift versus free Al(acac)3 (d = –
1.57 and –4.72 ppm), and is consistent with the elec-
tronically deshielding nature of bismuth. Similar effects
have been observed in other bismuth coordination com-
plexes including alkoxides [24] and diketonates [10].
Similarly, the solution-state 27Al NMR spectrum dis-
plays a single resonance at d = 0.88 ppm, which is
shifted from that of free Al(acac)3 (d = 0.66 ppm)
(Fig. 6b).

The formation of the complexes Bi2(Hsal)6·M(acac)3

(M = Al, Cr, Fe, V, Co) may illuminate the nature of
[Bi(Hsal)3]n in solution. Since [Bi(Hsal)3]n is not very
soluble once isolated, it is reasonable to assume that it
tends towards oligomerization, and that oligomeriza-
tion may occur in a fashion similar to the way the two
Bi(Hsal)3 groups are nested together in the M(acac)3

adducts [30]. The precipitation of the starting material
can be avoided if the compound is prepared carefully
and re-dissolved in methanol immediately. Upon dis-
solution, the species may still be made up largely of
oligomers, and it may be likely that n = 2 in this
solution-based upon the stoichiometry in the resulting
adducts. Thus, addition of M(acac)3 (M = Al, Cr, Fe,
V, Co) would proceed immediately to produce the
kinetically favored insoluble [Bi(Hsal)3]2·M(acac)3

(M = Al, Cr, Fe, V, Co), as has been confirmed by single
crystal X-ray diffraction for the Al compound. These
products form even in the presence of excess M(acac)3

(M = Al, Cr, Fe, V, Co) suggesting that the rearran-

Fig. 5. Ball-and-stick representation of the solid-state structure of
Bi2(Hsal)6cAl(acac)3 [30a]. In the illustration, bismuth is orange and
aluminum is green.

Fig. 6. (a) MAS 27Al NMR spectrum of Bi2(Hsal)6.Al(acac)3, 20-kHz MAS was employed during data collection. The experiment consisted of
0.3us pulse (using 1-kW amplifier, solution 90 pulse = 0.97, 41 ms FID, and 2-s relaxation delay. 256 scan were collected, no line broadening
was employed in data processing. (b) Solution-state 27Al NMR spectrum of Bi2(Hsal)6·Al(acac)3 shows a d = 0.88 ppm confirming the interac-
tion between the two centers. (Used by permission of the American Chemical Society).
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gement [Bi(Hsal)3]2·M(acac)3 + M(acac)3 →
2 Bi(Hsal)3·M(acac)3 does not have time to occur in
solution before precipitation takes place.

While the use of the diketonate complexes proved
to be an extremely general method for the formation of
heterobimetallic compounds of bismuth in which the
second metal was trivalent, we have not yet been suc-
cessful in extending this chemistry to include divalent
transition metal species (e.g., Cu(acac)2, Ni(acac)2). In
contrast, we have found that the use of the salen and
salen* ligands (salen = bis(salicyl)imine; salen* =
bis(3-methoxysalicyl)imine) in place of the diketonate
allows for the isolation of heterobimetallic species
including Bi(Hsal)3cCu(salen) (Fig. 7), Bi(Hsal)3c

Ni(salen), Bi(Hsal)3(sal)cVO(salen*) and Bi2(Hsal)6c

Co2(salen)3. All of the species that have been structur-
ally characterized [33], including the copper, nickel and
cobalt species, interact with the bismuth center through
the phenolic oxygen atoms of the salen ligand. The
steric constraints of the salen ligands appear to result
in the formation of the 1:1 heterobimetallic adducts
exclusively.

3. Utility of heterobimetallic bismuth coordination
complexes as single-source molecular precursors
for advanced oxide materials

3.1. Thermal decomposition studies of titanium
alkoxide derived complexes

We have investigated the thermal or hydrolytic
decomposition of several of the complexes presented

previously to ascertain both the phases that are pro-
duced, the morphology of the final oxide and the mini-
mum sintering temperature required to produce crys-
talline nanomaterials. The thermal decomposition of the
complexes has been investigated by simultaneous ther-
mogravimetric analysis/differential thermal analysis
(TGA/DTA) to monitor phase changes and the onset of
crystallization in the materials, as well as to exclude
the possibility of any deleterious processes such as sub-
limation events during the thermal decomposition of
the molecular precursor. The morphology and compo-
sition of the materials produced in this manner has been
probed by scanning electron microscopy (SEM) and
powder X-ray diffraction.

The thermal decomposition of Bi2Ti4(sal)10-
(Hsal)(OiPr)·H2O and Bi2Ti3(sal)8(Hsal)2 were inves-
tigated by thermogravimetric analysis and by powder
X-ray diffraction. The thermal decomposition of
Bi2Ti3(sal)8(Hsal)2·3CH2Cl2 proceeds with two dis-
tinct losses of mass are observed on pyrolysis of the
sample. The initial step, which occurs between 37 and
152 °C and represents a loss of 12% of the sample,
corresponds to the loss of lattice solvent from the
sample (Fig. 8-1). The observed mass loss during this
step is in exact agreement with the loss calculated for
the removal of three molecules of dichloromethane from
the sample (ca. 12%), as predicted by the X-ray diffrac-
tion data. Decomposition of the complex occurs in a
single step beginning at 278 °C and reflects a 64% loss
of mass from the sample. The final oxide is obtained at
410 °C (Fig. 8-2). The total mass loss observed during

Fig. 7. Ball-and-stick representation of the solid-state structure of Bi
(Hsal)3cCu(salen). In the illustration, bismuth is orange and copper
is green [45].

Fig. 8. TGA/DTA traces of the thermal decomposition of
Bi2Ti3(sal)8(Hsal)2 × 3 CH2Cl2 in air.
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thermal decomposition of the sample is in good agree-
ment with the calculated loss required to convert
Bi2Ti3(sal)8(Hsal)2·3CH2Cl2 to the corresponding metal
oxide (ca. 75%, obs. 76%).

As expected, the thermal decomposition of
Bi2Ti4(sal)10(Hsal)(OiPr)·H2O was very similar to what
was observed for Bi2Ti3(sal)8(Hsal)2. In this case, the
thermogram shows a quick mass loss of 9.7% starting
at approximately 35 °C, again correlating to the loss of
lattice solvent. Decomposition of Bi2Ti4(sal)10-
(Hsal)(OiPr)·H2O begins at approximately 270 °C with
a mass loss of 42%. This is followed by a second mass
loss at 390 °C of 19%. Conversion of Bi2Ti4(sal)10-
(Hsal)(OiPr)·H2O completely to metal oxides, requires
the 60% mass loss from the sample. The final two steps
of the thermal decomposition of Bi2Ti4(sal)10-
(Hsal)(OiPr)·H2O represent a 61% mass loss, which
agrees with the expected value.

For both Bi2Ti4(sal)10(Hsal)(OiPr)·H2O and
Bi2Ti3(sal)8(Hsal)2, it was observed that the materials
produced at the end point of thermal decomposition
were amorphous and more strenuous conditions were
required to induce crystallization. Analysis of the com-
plexes that have been annealed for 2 h at 750 °C reveals
that they are composed of a mixture of oxide phases
(Figs. 9 and 10). The oxide produced from
Bi2Ti4(sal)10(Hsal)(OiPr)·H2O is principally com-
posed of the bismuth-rich oxide Bi4Ti3O12, with the
anticipated product Bi2Ti4O11 only detected in ca. 30%
relative abundance as estimated from powder X-ray dif-
fraction. Similarly, Bi2Ti3(sal)8(Hsal)2 decomposes on

heating to produce Bi4Ti3O12 and Bi2Ti4O11 in a ca.
90:10 ratio also as estimated from powder X-ray dif-
fraction. The composition and ratio of the phases
observed on decomposition the molecular precursors
Bi2Ti4(sal)10(Hsal)(OiPr)·H2O and Bi2Ti3(sal)8(Hsal)2

agree both with what is predicted by the published
binary phase diagrams on this system, and by the com-
position of the individual molecular complexes them-
selves [34].

3.2. Thermal decomposition studies of niobium
and tantalum alkoxide derived complexes

Recently it has been reported that the simple binary
oxides BiNbO4 and BiTaO4 are ferroelectric when the
thickness of the material is less than 250 nm and anti-
ferroelectric materials when the oxides are thicker than
this [35].Additionally, it also been reported that BiNbO4

is a promising photocatalyst for the decomposition of
water. As discussed in Section 2.2, we have developed
several compounds whose stoichiometry make them
promising precursors for the formation of these mate-
rials, and consequently we have made a more detailed
investigation of the effects that the time and tempera-
ture of the sintering process have on the oxide pro-
duced from the thermal decomposition of Bi2Nb2(µ-
O)(sal)4(Hsal)4(OEt)2·H2O. We have found that the
complex decomposes on heating in air for 2 h at 750 °C
to produce the metastable high temperature form of
BiNbO4 (triclinic setting, BiNbO4-H) as the major crys-
talline phase (Figs. 11 and 12). The balance of the mate-

Fig. 9. Powder X-ray diffraction spectrum of the oxide produced from
the thermal decomposition of Bi2Ti4(sal)10(Hsal)(OiPr)·H2O for 2 h
at 750 °C. The phases present are Bi4Ti3O12 (#) and Bi2Ti4O11 (*).

Fig. 10. Powder X-ray diffraction spectrum of the oxide produced
from the thermal decomposition of Bi2Ti3(sal)8(Hsal)2 for 2 h at
750 °C. The phases present are Bi4Ti3O12 (#) and Bi2Ti4O11 (*).
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rial was found to be the orthorhombic low temperature
form of the bimetallic oxide, BiNbO4-L [36].

Under the conditions detailed above, the high and
low temperature phases in the material were found to
be present in an approximately 4:1 ratio. Increasing the
temperature of the sintering process favors conversion
of BiNbO4-H into BiNbO4-L, along with concomitant
disproportionation of the bimetallic oxide into
Bi5Nb3O15 and Nb2O5. Similarly, increasing the sinter-
ing time of the sample was found to favor the conver-

sion of BiNbO4-H into BiNbO4-L, although to a smaller
extent. Upon either increasing the reaction tempera-
ture from 650 °C to 850 °C or the reaction time from
2 to 6 h, the (0 4 0) and the (0 0 2) reflections of the
BiNbO4-L phase increase in intensity and sharpness,
while the overlapping (2 0 2) and (2 1 0) reflections of
the BiNbO4-H become more diffuse or disappear
entirely. These results suggest that the initial formation
of BiNbO4 is kinetically controlled. However, once the
bimetallic oxide is formed, the thermodynamically
more stable BiNbO4-L is favored and continued reac-
tion and crystallization of the material will favor the
formation of this product at the expense of the
BiNbO4-H. This behavior has been observed in several
other binary oxide systems that are produced using clas-
sical or modified sol–gel techniques [37].

As noted above, extended reaction of the BiNbO4-H
results in the disproportionation to Bi5Nb3O15 and
Nb2O5 as well as conversion to BiNbO4-L. It seems
likely that the disproportionation products are formed
from the BiNbO4-H. However, at this point it is not
clear whether these products form directly from
BiNbO4-H, or form via the intermediacy of BiNbO4-L
or, possibly, by both pathways. It does appear, how-
ever, that the Bi5Nb3O15 and Nb2O5 phases do not result
directly from conversion of the molecular precursor
Bi2Nb2(µ-O)(sal)4(Hsal)4(OEt)2. Other possible path-
ways for the formation of the disproportionation prod-
ucts involving either volatilization of bismuth oxide dur-
ing decomposition of the molecular precursor or
possible reaction of the oxide mixture with the ceramic

Fig. 11. Powder X-ray diffraction pattern of the oxide of Bi2Nb2(µ-O)(sal)4(Hsal)4(OEt)2·H2O produced from various calcination temperatures
for 2 h (A) and from calcination at 750 °C for various lengths of time (B). The phases present are BiNbO4–H (• ), BiNbO4-L (♦ ) and Bi5Nb3O15

(*). (Used by permission of the American Chemical Society).

Fig. 12. Indexed powder X-ray diffraction pattern of the oxide of
Bi2Nb2(µ-O)(sal)4(Hsal)4(OEt)2·H2O produced after heating the
molecular precursor for 2 h at 650 °C in air. Indexed peaks relate to
the high temperature (triclinic) phase of BiNbO4. Peaks marked with
an ‘♦ ’ relate to the low temperature (orthorhombic) phase of the same
material, while peaks marked with an ‘*’ relate to Bi5Nb3O15. (Used
by permission of the American Chemical Society).
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crucible to form a sillenite-related phase of approxi-
mate composition Bi12Nb0.29O18.7–x are possible, but
were not observed here [38]. We have found that sin-
tering the samples at 600 °C effectively inhibits the pro-
duction of disproportionation products and BiNbO4-L
so that BiNbO4-H is produced as the only crystalline
phase. These results agree with other findings on the
formation of metastable states in bimetallic oxide sys-
tems [38,39].

Several techniques including BET, SEM and EDX
have been used to study the morphology of the oxides
produced from the thermal decomposition of
Bi2Nb2(µ-O)(sal)4(Hsal)4(OEt)2·H2O and Bi2Ta2(µ-
O)(sal)4(Hsal)4(OEt)2·H2O. Pyrolysis of the solid-state
compounds produces a porous oxide, probably owing
to the concomitant high energy of the reaction environ-
ment and oxidation of the organic ligands. SEM analy-
sis of the materials produced in this manner reveal the
presence of numerous pores and channels permeating
the oxide (Fig. 13). The products of pyrolysis at low
temperatures (i.e. < 750 °C) are found to be composed
of aggregated particles indicating that the thermal
decomposition process of the complexes likely pro-
ceeds through the formation of bimetallic oxide par-
ticles that then aggregate to produce the bulk material
(Fig. 14). BET surface area analysis reveals that the
surface areas of the oxides of Bi2Nb2(µ-O)(sal)4-
(Hsal)4(OEt)2·H2O and Bi2Ta2(µ-O)(sal)4(Hsal)4-
(OEt)2·H2O are 3.99 and 6.62 m2/g, respectively (instru-
mental standard deviation = 1.3%). These results
indicate that the majority of the pores in the oxide are
macroscopic, producing a material with both a low den-
sity and a relatively low surface area.

The utility of the molecular precursors in facilitat-
ing the formation of the bimetallic oxides is clearly
demonstrated in comparing the conditions required for
the production of the high and low temperature phases
by conventional methods to what was required in this
work. For example, direct pyrolysis of the molecular
complex Bi2Nb2(µ-O)(sal)4(Hsal)4(OEt)2·H2O allows
for the formation of crystalline BiNbO4-H at tempera-
tures of 650 °C in 2 h. In contrast, reported solid-state
syntheses require sintering periods of 24–240 h at
1173 °C to achieve the same material [38].

3.3. Thermal decomposition studies of Lewis
acid–base adducts of bismuth salicylate

Detailed investigations of the thermal decomposi-
tion of the complexes Bi2(Hsal)6·M(acac)3 (M = Al, Cr,
Fe, V, Co) were pre-formed using both TGA/DTA and
powder X-ray diffraction. In particular, we were inter-
ested in investigating the stability of the complexes dur-
ing thermolysis against metal segregation, which could
have deleterious effects on the chemical and physical
properties of the resulting materials. In these systems,
two likely routes to metal segregation can be envi-
sioned to occur. In one case, the diketonate species
could be liberated from the bismuth carboxylate – likely
through a sublimation event, so that the resulting oxide
is compositionally rich in the main group element com-
pared to what is predicted from the molecular precur-
sor. Alternately, it is possible that the different ther-
molytic stability of the diketonate and the carboxylate

Fig. 13. SEM image of the bulk pyrolysis product of Bi2Nb2(µ-
O)(sal)4(Hsal)4(OEt)2·H2O produced after 2 h at 750 °C. (Used by
permission of the American Chemical Society).

Fig. 14. SEM image of a cross section of the bulk pyrolysis product
of Bi2Nb2(µ-O)(sal)4(Hsal)4(OEt)2·H2O produced after 2 h at 750 °C
detailing the presence of oxide particles on the order of 150 nm in
diameter.
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complexes would result in thermal decomposition of
the main group element and transition element at dif-
ferent temperatures and consequent metal segregation.

Representative thermograms from the TGA/DTA
studies of the complexes Bi2(Hsal)6·M(acac)3 (M = Al,
V) are provided in Figs. 15 and 16. The general fea-
tures of the TGA traces resemble what was observed in
the pyrolysis of the alkoxide derived compounds, with
thermal decomposition of the organic ligands begin-
ning at approximately 180 °C. The decomposition pro-
cess ends in most cases with an abrupt loss of mass,
which occurs simultaneously with a strong exotherm
in the DTA trace. The origin of this exotherm has been
tentatively assigned to crystallization event in the result-
ing bimetallic oxide lattice. The DTA trace of the vana-

dium complex is remarkable because it contains two
additional exothermic events. These peaks have been
correlated to the step-wise oxidation of the transition
metal center from V3+, which is present in the molecu-
lar precursor, through V4+ (Fig. 16-1) to the V5+

(Figs. 16-2) ion that is present in the bimetallic oxide
Bi2VO11. In both cases, the observed mass loss of the
samples agreed with quantitative conversion of the
molecular precursors to the bimetallic oxides.

Confirmation of the results from the DTA/TGA inves-
tigations has been obtained through interrogation of the
resulting decomposition products by powder X-ray dif-
fraction studies. In all cases, the phases present in the
oxide correlate exactly to what is predicted by the binary
phase diagrams for these oxide systems. In the case, of
Bi2(Hsal)6·V(acac)3, the anticipated oxide Bi4V2O11 was
observed to be the only crystalline material present
(Fig. 17). In the case of Bi2(Hsal)6·Al(acac)3, thermal
decomposition produced a 3:1 mixture of tetragonal
Bi2O3 and Bi2Al4O9 (Fig. 18). It is important to note
that in both cases, the crystalline binary oxides pro-
duced in this manner was obtained at conditions sig-
nificantly milder than what has been previously em-
ployed for the synthesis of these materials (e.g 100 h at
1000 °C) [38]. These results clearly demonstrate the
potential for these heterobimetallic coordination com-
plexes to produce binary or ternary oxides under much
more accessible conditions than those required for tra-
ditional solid-state syntheses.

Similar approaches were employed to study the
thermal decomposition of Bi(Hsal)3·Cu(salen),
Bi(Hsal)3·Ni(salen) and Bi(Hsal)(sal)·V(O)(salen*).

Fig. 15. TGA/DTA traces of the thermal decomposition of
Bi2(Hsal)6·Al(acac)3 in air.

Fig. 16. TGA/DTA traces of the thermal decomposition of
Bi2(Hsal)6·V(acac)3 in air.

Fig. 17. Powder X-ray diffraction spectrum of Bi4V2O11 produced
from the thermal decomposition of Bi2(Hsal)6·V(acac)3. Peaks mar-
ked with a * represent an unidentified trace impurity.
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The bimetallic compound Bi(Hsal)(sal)·V(O)(salen*)
begins to decompose at 200 °C and the final oxide is
obtained at 430 °C. The thermal decomposition of the
complexes was found to proceed under mild condi-
tions, with the decomposition of the complex
Bi(Hsal)(sal)·V(O)(salen*) complete at almost 70 °C
less than what was observed for some of the bismuth–
titanium complexes discussed earlier. As with the dike-
tonate complex Bi2(Hsal)6·V(acac)3, the decomposi-
tion of Bi(Hsal)(sal)·V(O)(salen*) occurs in several
steps, and simultaneous differential thermal analysis of
the material revealed the presence of two strong exo-
therms at 368 °C and 410 °C. It seems likely that the
exothermic event observed at 368 °C relates to a con-
version of the V4+ species present in the molecular pre-
cursor to the V5+ ions that are present in the final oxide.

The product produced via the pyrolysis of
Bi(Hsal)(sal)·V(O)(salen*) has been explored by pow-
der X-ray diffraction and by SEM. Powder X-ray dif-
fraction studies demonstrated that heating a sample of
Bi(Hsal)(sal)·V(O)(salen*) for 2 h at 450 °C produces
monoclinic BiVO4 as the only crystalline phase
(Fig. 19). This stoichiometry of the oxide agrees with
what is present in the molecular precursor and indi-
cates that metal segregation does not occur during the
pyrolysis event. Investigation of the oxides by SEM
illustrates that the material produced in this manner is
composed of highly aggregated oxide spheres
(Fig. 20A). The isolation of discrete dispersable oxide
spheres of BiVO4 by direct thermolysis of
Bi(Hsal)(sal)·V(O)(salen*) has not been achieved.
Increasing the annealing conditions of the material to

24 h at 750 °C did not result in any change in the phases
present in the sample. However, the average diameter
of the particles present in the sample was found to
increase from 110 nm to approximately 65 µm
(Fig. 20B). In this case, the morphology of the sample
has come to resemble that which is commonly associ-
ated with the monoclinic phase of BiVO4.

Similar investigations have been performed on com-
pounds Bi(Hsal)3·Cu(salen) and Bi(Hsal)3·Ni(salen),
due not only to the fact that the doped samples of bis-
muth vanadate have been shown to be extremely effi-
cient oxide ion conductors, but also to the fact that the
binary oxides produced from these mixtures are poten-
tially useful as well. For example, bismuth–nickel
oxides are being explored as catalysts for the dehydro-
genation of hydrocarbons [40] and for the transalkyla-
tion of aromatic hydrocarbon systems [41]. Similarly,
bismuth–copper oxides have been investigated as cata-
lysts for the synthesis of 1,4 butynediol from acetylene
and formaldehyde [42] and for the removal of nitrogen
oxides from exhaust streams [43]. However, the binary
oxide systems of bismuth and the later transition met-
als have not been completely explored and some con-
flicting reports remain regarding the formation or stable
phases of these compositions.

The thermal decomposition of the compounds
Bi(Hsal)3·Cu(salen) and Bi(Hsal)3·Ni(salen), as moni-
tored by TGA/DTA, is very similar to that of
Bi(Hsal)(sal)·V(O)(salen*). The decomposition of the
compounds begins at 190 °C and 170 °C, respectively,
and is complete by 400 °C in both cases. Both com-
pounds exhibit a large exothermic event in the differ-

Fig. 18. Powder X-ray diffraction pattern of the material produced
from the thermal decomposition of Bi2(Hsal)6·Al(acac)3. Peaks mar-
ked with a ‘#’ represent the tetragonal phase of Bi2O3, while peaks
marked with a ‘• ’ represent Bi2Al4O9.

Fig. 19. Indexed powder X-ray diffraction data of the material pro-
duced from the thermal decomposition of Bi(Hsal)(sal)·V(O)(salen*).
All of the peaks are indexed to the monoclinic form of BiVO4. (Used
by permission of the American Chemical Society).
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ential thermal analysis that occurs immediately prior to
the formation of the final decomposition product; simi-
lar to what is observed in Bi(Hsal)(sal)·V(O)(salen*)
and, like Bi(Hsal)(sal)·V(O)(salen*), this has been
assigned to a reorganization of the oxide lattice as essen-
tially no mass is lost. SEM analysis reveals that
Bi(Hsal)3·Ni(salen) decomposes to produce a large num-
ber of spheres with an average diameter of 275 nm
(Fig. 21). The balance of the sample was observed to
be amorphous material. Compound Bi(Hsal)3·Cu(salen)
was found to behave similarly but produced signifi-
cantly more amorphous material under identical decom-
position conditions and the diameters of the oxide
spheres that were produced were found to vary signifi-
cantly more (175 nm–1 µm) and the particle morphol-
ogy was less regular (Fig. 22). In both cases, the com-
position of the spheres has been probed by EDX and

both metal species were found to be present in the
sample.

Attempts to crystallize the materials produced
through the thermal decomposition of
Bi(Hsal)3·Cu(salen) and Bi(Hsal)3·Ni(salen) by more
strenuous heating resulted in the formation of a melt.
As a result of this unexpected behavior, samples of the
initial decomposition product of Bi(Hsal)3·Ni(salen)
was studied by TEM and selected area electron diffrac-
tion (SAED). Additionally, the materials produced dur-
ing the course of thermal decomposition of the molecu-
lar precursor were analyzed by variable temperature
powder X-ray diffraction. Transmission electron mi-
croscopy analysis showed that the spheres are prima-
rily composed of NiBi3, but also contained a signifi-
cant number of 7–10 nm oxide crystallites, which were
found to have a face centered cubic (fcc) habit and were

Fig. 20. SEM image of the pyrolysis product of Bi(Hsal)(sal)·V(O)(salen*) produced after heating the molecular precursor for 15 min at 450 °C
(a) and for 2 h at 750 °C (b). The insert figure details a single bimetallic oxide sphere, with a diameter of approximately 110 nm, produced during
the course of pyrolysis of Bi(Hsal)(sal)·V(O)(salen*). (Used by permission of the American Chemical Society).

Fig. 21. SEM image of spheres produced from the thermal decomposition of Bi(Hsal)3cNi(salen) at 450 °C for 2 h.(Used by permission of the
American Chemical Society).
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subsequently identified as NiO by electron diffraction
(Fig. 23).

Temperature programmed in-situ X-ray Diffraction
of Bi(Hsal)3·Ni(salen) in the temperature range of ambi-
ent to 450 °C shows that the complex initially decom-
poses to produce an amorphous material, as suggested
by the electron microscopy studies. However, on heat-
ing to 350 °C the orthorhombic CaLiSi2-type binary
alloy NiBi3 was identified as the major crystalline com-
ponent of the product mixture. Above 450 °C this phase
melts (mp 469 °C) leaving an as-yet-unidentified mate-
rial as the only solid crystalline phase in the sample. It
is important to note, that the in-situ X-ray studies did
not show any evidence of NiO, though it is likely that
this is due to the crystallite size being below the thresh-
old required for successful X-ray diffraction. Neverthe-
less it demonstrates clearly that the decomposition of
the parent Bi(Hsal)3·Ni(salen) complex follows a dif-
ferent decomposition pathway compared to the other

heterometallic complexes previously discussed, in this
case possibly involving decarboxylation of the salicy-
late ligands. Such chemistry has been previously
reported for the formation of main group organometal-
lic species including the trinuclear complex Hg3(C6F4)3

[44]. It must be stressed that the decomposition of the
heterobimetallic complex does not appear to generate
amorphous oxides as previously suggested [45] but
instead produces an anticorrosive NiBi3 alloy that resists
further oxidation even upon annealing under air
(Fig. 24).

We have investigated whether multi-metallic oxides
containing bismuth, vanadium and either copper or
nickel are accessible by direct doping of the molecular
precursor Bi(Hsal)(sal)·V(O)(salen*) with samples of
Bi(Hsal)3·Cu(salen) or Bi(Hsal)3·Ni(salen) in various
ratios prior to thermal decomposition of the samples. A
highly crystalline purple material was obtained from
the pyrolysis of Bi(Hsal)3·Cu(salen) in the presence of
Bi(Hsal)(sal)·V(O)(salen*) for 2 h at 750 °C. A similar
experiment utilizing Bi(Hsal)3·Ni(salen) produced a
reddish oxide product. SEM analysis of the products of
decomposition reveals that both samples possess well-
formed crystallites that are not observed in the thermal
decomposition of the molecular precursors alone. The
ratio of complexes employed in these experiments was
initially intended to approximate the transition metal
ratio of the Bi2Cu0.1V0.9O5.5–d systems, although the
product should be lean in bismuth due to the stoichi-
ometry of the molecular precursors. In all cases, the

Fig. 22. SEM image of a ‘sphere’produced from the thermal decom-
position of Bi(Hsal)3cCu(salen) at 450 °C for 2 h.

Fig. 23. Transmission electron micrograph of a NiBi3 sphere (A) and
of the NiO nanocrystals (B) produced during the thermal decompo-
sition of Bi(Hsal)3cNi(salen) at 450 °C for 2 h.

Fig. 24. The patterns shown were collected at 350 °C, 400 °C, 450 °C.
Between 350 and 450 °C, Bi3Ni appears to be the main crystalline
phase. At 450 °C, the reflections of a new phase are observed, which
cannot be assigned. These reflections are marked with a star. Above
450 °C Bi3Ni disappears whereas the reflections of the unknown phase
remain.
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product oxide acquired from heating the mixtures at
750 °C for 2 h was found to be composed of a mixture
of the anticipated BiVO4 and a transition metal doped
Bi2VO5.5-type phase.

Determination of the fate of all of the metal species
in these experiments is difficult as the powder X-ray
diffraction patterns of the termetallic BiMVOx materi-
als are nearly identical to that of Bi2VO5.5 [45]. In order
to more effectively investigate the composition of the
oxides produced in this manner, the ratio of the molecu-
lar compounds was changed from 10:1 to 1:1. Pyroly-
sis of this mixture under identical conditions to the ini-
tial experiments resulted in the formation of a Bi2VO5.5

type material as the only crystalline bismuth-containing
phase. It is important to note that where we now have
evidence that the thermal decomposition of the bis-
muth–nickel complex by itself results in the formation
of alloy compounds—presumably through a decarboxy-
lation reaction of the salicylate ligand. Inclusion of
vanadium in the mixture effectively quenches this pro-
cess and the ternary oxides are formed in high yields.
The bimetallic compounds presented here can be used
to synthesize the termetallic system Bi2VxM1–xO5.5–d

(M = Cu, Ni) by simple mixing of the molecular pre-
cursors prior to pyrolysis. In all cases, the conditions
required for conversion of the molecular precursors to
the oxide materials are significantly less than what is
required for similar solid-state syntheses.

3.4. Hydrolytic decomposition studies

Smaller bimetallic nanoparticles have been synthe-
sized by hydrolysis of the molecular precursors in the
presence of the stabilizing agents stearic acid and diphe-
nyl ether. The particles that are isolated from this reac-
tion have an average diameter of approximately 40 nm
(Fig. 25). The materials produced in this manner do
not possess the regular spherical morphology typify-
ing the thermal decomposition products, but these mate-
rials were found to be repeatedly dispersible in a vari-
ety of solvents, although some aggregation of the
particles is observed on isolation of the materials. This
aggregation has been attributed to loss of the stabiliz-
ing diphenyl ether from the surface of the oxide par-
ticle. Analysis of the oxides produced using hydrolytic
approaches by EDX shows that, similarly to the ther-
mal decomposition methods, the metal stoichiometry
of the molecular precursor is conserved in its transfor-
mation to the oxide material [45].

4. Conclusions and future directions

In this work we have illustrated that both bifunc-
tional ligands and Lewis acid–base adduct formation
represent viable synthetic routes to the formation of het-
erobimetallic coordination complexes of bismuth in
excellent yields. The complexes formed by these
approaches smoothly decompose under thermolysis to
generate the anticipated bimetallic oxides under very
mild conditions – particularly when compared to tradi-
tional solid-state approaches. When late transition met-
als such as copper and nickel are included in the het-
erobimetallic coordination complexes, thermolysis
unexpectedly favors the formation of binary alloys as
opposed oxide based materials. These oxides are readily
redispersible in polar solvents.

The residual functionality present in these com-
plexes presents the possibility of further functionaliza-
tion and derivatization. The step-wise manner in which
many of these complexes can be constructed – particu-
larly through Lewis acid–base chemistry – offers the
tantalizing possibility that still more chemically com-
plex species, including ternary compounds can be
accessed through rational, designed wet-chemical
approaches.
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