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Abstract: Heterometallic oxides are used as materials in many applications, e.g. from ferroelectrics to super-
conductors. Making these compounds usually requires high temperatures and long reaction times. Molecular 
precursors may contribute to render their processing shorter and accessible at lower temperatures, thus cheaper 
in energy and time. In this review article, different approaches toward oxide materials will be shown, starting with 
homometallic clusters and coordination polymers and highlighting recent results with heterometallic single source 
precursors. On the way to the latter, we came across many exciting results which themselves allowed applica-
tions in different fields. This work will give an overview on how these fields were brought together for the current 
mixed metallic compounds as precursors for heterometallic oxides.   
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Introduction

The generation of oxide materials is an 
important task for Society: it includes the 
search for high temperature superconduc-
tors for resistance-less and thus loss-free 
electronic conduction[1] or the develop-
ment of new ceramics able to resist high 
temperatures[2] e.g. for the design of ultra 
high-speed spaceships and airplanes – an 
issue in long-distance transportation – to 
name a few current trends of applications. 

Oxide materials can be made by vari-
ous well established procedures.[3] Yet the 
most used one is a solid-state chemical ap-
proach which consists of heating a mixture 
of homometallic pure oxides or carbonates 
to very high temperatures over long reac-
tion times, and to anneal the final mixed 
metal compound in oxygen or under vacu-
um in order to achieve the final properties. 
Such processing is expensive both in terms 

of energy and time. Other approaches have 
therefore been developed, such as sol-gel 
techniques,[4] spray- or dip-coating,[5] as 
well as metal-organic chemical vapor de-
position (MO-CVD) in order to make thin 
films of the desired oxides.[6] Generally, 
a mixture of volatile metal compounds is 
used to generate the target oxides. Yet, for 
alkaline earth metal diketonates[7] or ke-
toimines,[8] oligomerisation, as well as in-
sufficient volatility and stability are often 
a problem.

Results and Discussion

For many years, it has been our goal to 
contribute to this exciting field of research 
and to design new molecular precursors for 
the generation of oxide materials. 

s-Block Compounds
To start with, we focused on the group 1 

and 2 metal compounds[9–35] because many 
of these are problematic in techniques like 
MO-CVD or sol-gel due to their hydro-
philicity and their tendency to decompose 
or oligomerize prior to deposition of the 
desired material. This has first led us to 
the field of alkali[9–12] and alkaline earth 
metal compounds,[13,14] of which a num-
ber of new clusters were observed.[15–23]

Being hard metal ions, mainly O-donor 
ligands were chosen for the coordination 
to these group 1 and 2 ions. Among these 
ligands are charged monodentate ligands 
OR, R = H, alkyl, aryl,[22,23] as well as the 
neutral polyether ligands such as oligo di-

methyl ethers,[24–32] crown ethers[33,34] or 
calixarene ligands.[9–12] While studying 
these compounds, some of them exhib-
ited unforeseen structures and properties, 
such as the ion-conductivity observed in 
one-dimensionally stacked crown ethers 
or calixarenes.[10,34] Especially the mixed 
metal cage compounds containing alkali 
and alkaline earth metal ions, like the 
[CaLi

6
(OPh)

8
(thf)

6
] of Fig. 1, are interest-

ing also for catalysis of e.g. polystyrene 
synthesis.[22 and refs therein]

The monometallic polyether adducts 
of alkaline earth metal halides possess 
structures in which the O-donor ligand 
wraps around the cation (Fig. 1, left). Un-
fortunately, they often turned out to form 
mainly carbonates at low decomposition 
temperatures, while some of the cluster 
compounds (Fig. 1, right) were shown to 
be successful candidates as starting com-
pounds for the sol-gel as well as MO-CVD 
method to yield alkaline earth oxides,[18] 
and are still studied in our group. 

Transition Metal Coordination 
Compounds and Polymers

Among the polyether adducts, we have 
recently extended our research into the 
field of transition metal compounds.[35] 
We are currently studying these complexes 
with respect to their potential as starting 
materials for new cluster compounds, e.g. 
with magnetic properties. In some of these 
compounds, polyethers can act as bridg-
ing ligands between metal ions in order to 
yield one-dimensional coordination poly-
mers (Fig. 2). These compounds are how-
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ever very sensitive to e.g. humidity and 
therefore not easy to handle when it comes 
to the generation of oxide materials.

Therefore, we decided to design ligands 
in such a way as to be able to coordinate 
two different metal ion types by one such 
ligand in order to form stable single-source 
precursors.[36,37] Furthermore, the ligand 
has to be easily synthesized and available 
in large quantities at a low cost, because it 

rently in development as coatings for im-
plant materials.[44–47] 

With the longer ligand L2, mainly 
metallacycles based on two silver ions and 
two ligands are observed, with the excep-
tion of a one-dimensional simple helical 
compound (Fig. 4)[48] and a two-dimen-
sional polycatenated structure.[49,50] 

Heterometallic Compounds
Given the coordination mode of poly-

ethers versus alkaline earth metal ions and 
the way that our ligand series Ln coor-
dinated to transition metal ions, it could 
be predicted that a ligand with a longer 
polyethylene chain like L4 would be able 
to bind two different metal ions as shown 
in Scheme 1 (top). Indeed, it was recently 
shown that the ligand L4 binds selectively 
with the O-atoms to calcium in order to 
yield monometallic complexes.[36] If only 
Cu(i) ions are present in solution, ligand 
L4 binds to copper ions only via the N-at-
oms to form a porous metal-organic frame-
work (MOF) based on Cu

4
I

4
-nodes and the 

connecting ligands. This MOF was shown 
to be highly porous and to take up rever
sibly gases like nitrogen. Furthermore, this 
compound presents different luminescent 
properties as a function of the solvent from 
which it is isolated.[36]

The next step was thus to bring both 
metal ions together and to form a hetero-
metallic compound. We could show that 
this process requires a step-wise synthesis, 
but which can be carried out in one pot:
i) 	 in a first reaction, the ligand L4 is 

exposed to calcium ions. The ligand, 
which is flexible, will wrap around the 
metal cation and will be preorganized 
in this way (Scheme 1).

ii) 	 in a second step, the CuI is added into the 
reaction mixture. The ligand L4 is now 
able to bind to copper ions in the expect-
ed fashion to form a heterometallic com-
pound. The copper ions form a Cu

3
-clus-

ter unit bridged by iodide ions to yield 
a Cu

3
I

4
- unit. One iodide I1 (Scheme 1) 

connects then to the next neighbor cop-
per ions, by which a one-dimensional 
Cu-I-polymer is obtained. The calcium 
complexes are ‘attached’ to the polymer 
chain in a syndiotactic fashion.   

Thermal Decomposition 
Experiments and Oxide Formation

The homometallic complexes of calcium 
obtained with L4, namely [Ca(L4)(H

2
O)

3
]

I
2
 and an isomer of this compound, turned 

out to yield CaCO
3
 upon thermal decom-

position. The compound {[CaI(H
2
O)

2
(L4)]

[Cu
3
I

4
]}

n
 contains a Ca:Cu ratio of 1:3. 

Its TGA analysis in air showed a one-
step decomposition process around 290 
°C, associated with a total weight loss 
of 84.4%, which corresponds to the loss 
of ligand and five iodide ions (82.4%). 

Fig. 1. [CaI2(dme)(diglyme)] (left) and [CaLi6(OPh)8(thf)6] (adapted from ref. [22]) (right) (H-atoms 
omitted for clarity; Ca: orange, Li: light blue, O: red; C: grey, I: violet).

Fig. 2. A one-dimensional coordination polymer obtained from NiI2 and triglyme (adapted from ref. 
[35]; triglyme ligands shown in red and blue, Ni: green, I: pink; H-atoms omitted for clarity).

Fig. 3. Ligand series Ln (n = 1, 2, 3, 4) used for 
homometallic coordination polymer generation 
and heterometallic single source precursors.

will be ‘burned away’ in the final step of 
oxide formation. 

In our group, we opted for a derivative 
of an oligo ethylene glycol, functionalized 
in terminal positions with (iso-)nicotinic 
acid moieties (Fig. 3), expecting that the 
polyether part of this kind of ligand will 
allow binding alkaline earth metal ions, 
while the N-donor atoms will coordinate 
to transition metal ions in order to form a 
mixed metal compound. This hypothesis 
was tested for individual metal ions.

With ligands L1 and the group 11 metal 
ions Cu+, Cu2+ and Ag+, mainly coordina-
tion polymers were obtained.[38–43]  It is 
indeed interesting that in these cases, the 
ligand, independently of the length, L1 or 
L2, always binds to the transition metal 
compounds via the nitrogen donor atom 
only. The one-dimensional silver coordi-
nation compounds were shown to possess 
good antimicrobial properties and are cur-
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ent metal ion types at their individual donor 
sites. Their selective binding behavior was 
shown for alkaline earth metal ions on one 
hand and group 11 transition metal ions on 
the other. New heterometallic compounds 
were characterized and shown to yield 
mixed metal oxides. Large-scale syntheses 
of ligand and complexes are available. One 
of our current research areas continues to 
cover our efforts to include a third metal 
ion in order to generate superconducting 
oxides. 
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