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Abstract

The synthesis and morphology of nano-sized ZnO and unusual belt-like Zn particles prepared via thermolysis of the
molecular single-source precursors [MeZnOSjM¢volatile) and [Zn(OSiMg),],, (non-volatile) are discussed. These zinc
siloxides are simply accessible in high yield through Brgnsted acid—base reactions betw&e&Hiiend MeZn in the molar
ratio of 1:1 and 2:1, respectively. These precursors show rather unusual ambivalent decomposition behaviour, leading to ZnO and
Zn nanoparticles at the same time. Thus, solid-state thermolysis of [MeZn@QGikenishes, depending on the reaction
conditions, nanocrystalline ZnO and W& as kinetic products at 160 °C, while elemental Zn and3#®Me are exclusively
formed under thermodynamic reaction control at 300 °C. Remarkably, even mixtures of ZnO and Zn are easily accessible if the
decomposition of [MeZnOSiMg, is achieved at 200 °C. The ZnO particles (wurtzite structure) have a particle size of 10-12 nm
and a very large surface area of ca 119gn". Unexpectedly, thermolysis of the non-volatile [Zn(OSii, polymer gives
products similar to those obtained in the case of the decomposition of the heterocubane [MeZfQ $ilstieis ZnO and/or
elemental Zn, depending on the reaction conditions. It turned out that decomposition of the non-volatile polymer
[Zn(OSiMe;),],, proceeds via a Me—Si/Zn—-O metathesis reaction, leading to polysiloxanes and the heterocubane [MeZnO-
SiMe,], as primary products. In contrast, the gas-phase decomposition of [MezZnggilvteler chemical-vapour-synthesis
(CVS) conditions (high dilution) takes place only at higher temperatures (> 500 °C), leading to elemental Zn particles covered by
oligodimethylsiloxanes. Spontaneous separation of the Zn particles and their polysiloxane shells is observed at 750 °C, affording
crystalline Zn with a rod- and belt-like morphology and a typical length of a few micrometers. The latter nano-whiskers were
characterized by Electron Dispersion X-Ray Analysis (EDX) and High-Resolution Transmission Electron Microscopy (HR-
TEM). Finally, a mechanism for the stepwise CVS decomposition of [MeZnOg}iMs proposed.To cite this article:
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Résumé

La synthese et la morphologie de nanoparticules de ZnO et de Zn (ces derniéres sous la forme inhabituelle de bandes)
préparées par thermolyse de précurseurs moléculaires de source unique [MeZnOSiMe;], (volatil) et [Zn(OSiMe,),],, (non
volatil) sont discutées. Ces siloxydes de zinc sont facilement accessibles a haut rendement par des réactions acido-basiques de
Bransted entre Me;SIOH et Me,Zn, dans les proportions molaires de 1:1 et 2:1, respectivement. Ces précurseurs montrent un
comportement ambivalent plut6t inhabituel lors deleur décomposition, qui conduit simultanément a des nanoparticules de ZnO
et de Zn. Ainsi, lathermolyse al’état solide de [MeZnOSiMe;] , donne, selon les conditions réactionnelles, ZnO nanocristallin
et Me,Si comme produits cinétiquesa 160 °C, tandis que du Zn sousforme élémentaire et Me,SiOMe sont formés exclusivement
sous contrdle réactionnel thermodynamique a 300 °C. De maniére remarquable, méme les mélanges de ZnO et de Zn sont
aisément accessibles si ladécomposition of [MeZnOSiMe;] , est réalisée 2200 °C. Les particules de ZnO (de structure wiirtzite)
ont une taille de 10 212 nm et une trés grande surface spécifique, d’ environ 110 m? g, De fagon inattendue, la thermolyse du
polymére non volatil [Zn(OSiMey),],, donne des produits similaires & ceux obtenus dans le cas de la décomposition de
I"hétérocubane [MeZnOSiMe,],, ¢’ est-a-dire ZnO et/ou le Zn élémentaire, selon les conditions de réaction. On adéterminé que
ladécomposition du polymere non volatil [Zn(OSiMe;).],, sefait par une réaction de metathese Me-Si/Zn-O, qui conduit ades
polysiloxanes et &’ hétérocubane [MeZnOSiMe,] , comme produits primaires. A I’ opposé, la décomposition en phase gazeuse
du [MeZnOSiMe;],, dans des conditions de synthése chimique en phase vapeur (CVS) (& haute dilution) ne survient qu’ aux
températures les plus éevées (supérieures a 500 °C), conduisant a des particules élémentaires de Zn recouvertes par des
oligodiméthylsiloxanes. La séparation spontanée des particules de Zn et de leurs coquilles polysiloxane est observée a 750 °C,
produisant du Zn cristallin, avec une morphol ogie en batonnet et en bande, d’ une longueur typique de quelques micrometres. Ces
derniéres nanodendrites ont été caractérisées par analyse par dispersion éectronique des rayons X (EDX) et par microscopie
électronique atransmission a haute résolution (HRTEM). Enfin, un mécanisme de décomposition CV'S, par étape, du [MeZnO-
SiMe;], est proposé. Pour citer cet article : M. Driess et al., C. R. Chimie 6 (2003).

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction many technologica applications, e.g. as optical de-

vices|[2]} transparent conducting eIectrod& solar
cells|[4]} gas sensors varistors@ catalysts m
etc. Furthermore, it is one of the few oxides that show
guantum confinement effects, allow a fine-tuning of
the position of the electronic bands in an experimen-
tally accessible size range Various techniques
have been employed for the preparation of ZnO nano-
particles, which include sol-gel [10-12], physical
evaporation pulsed laser ablation [[16]} and
flame pyrolysis [17]l However, the use of suitable
organometallic single-source precursors seems highly
desired since they can be employed, at the same time,
for solid-state and chemical vapour synthesis (CV'S) or

One of the challenges in molecular sciences is to
program small molecular building blocks for con-
trolled sizing and morphology during aggregation pro-
cesses. Especially, the controlled formation of differ-
ent stages of ionic metal-non-metal clusters,
nanoparticles, colloids and solids, which often areim-
portant ingredients for optoel ectronic materialsand in
catalysis, represents a fascinating generalist task. The
molecular approach for the synthesis of new meta-
stable particles, thin films and solidsis one of the most
versatile strategies to design even composite materials
by using the molecular single-source precursor con-

cept. We are currently interested in the synthesis of
nanocrystalline ZnO, which plays an important rolein
materials chemistry and heterogeneous catalysis.
Among the metal oxides, ZnO is one of the most
important materials from several points of view: ZnO
isawide direct band-gap semiconductor and thus has

in solution even in a non-agueous medium. Several
organometallic precursors were reported in the litera-
ture for metal-organic chemical vapour deposition
(MOCVD) of ZnO thinfilmsand, in fact, these precur-
sors can be used for the preparation of ZnO nanopar-
ticles. Dimethyl- and diethylzinc are, for example,
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widely used to coat substrates having large surface area
and at high growth ratec, but these precursors
are highly pyrophoric and need oxygen as co-reactant.
The same precursor was shown to furnish also elemen-
tal Zn in the form of thin films when modifying the
process conditions. In order to avoid the handling
problem associated with the pyrophoric compounds,
alternative zinc sources such as zinc acetate|[20, 21],,
zinc acetylacetonate[[22]], zinc 2-ethylhexonate [23]
methylzinc isopropoxide, methylzinc tert-butoxide

ethylzinc diethylamide [[25]} his(2,2,6,6-
tetramethylpiperidino) zinc [[26]] and zinc

bis(1,1,1,5,5,5-hexafluro  2,4-pentanedionate) poly-
ether adductswere examined[[27]] It turned out that the
chemical nature of the substituents (protecting groups)
at the zinc and oxygen atoms has a large influence on
the decomposition pathways. In the course of our work
on molecular ZnO clusters as single-source precursors
for ZnO and as molecular models of ZnO surfaces, we
investigated the synthesis and decomposition proper-
ties of zinc siloxide clusters and found that these com-
pounds are remarkable and versatile low-temperature
precursors for the simultaneous synthesis of elemental
Zn- and/or nanocrystalline ZnO particlesin solid state
and in the gas phase. In this account, we summarize
recent achievements.

2. Results and discussion

2.1. Synthesis and structural characterization
of molecular zinc siloxide clusters

The siloxy-substituted ZnO aggregates (zinc silox-
ide clusters) used in the present investigations are eas-
ily accessible by the Brensted-acid-base reaction of
triorganosilanols with diorgano- and diamidozinc
compounds The degree of aggregation of the
ZnO clusters (RZNOSIR';),, depends on the size of the
organo groups at the Zn and O atoms:. while relatively
small substituents (e.g., R = R' = methyl, Me) lead to
the tetrameric Zn,O,-cluster framework in 1, larger
groups (e.g., R = isopropyl, iPr) favour the formation
of the trinuclear Zn;O,- and dinuclear Zn,O.-
skeletons in 2 and 3 . The structures of the
different aggregates were established by single-crystal
XRD measurements.

Further reaction of the organo- and amidozinc silox-
ide aggregates 1-3 with silanols furnishes the corre-
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Fig. 1. Synthesis of 1-3.

sponding polymeric zinc disiloxides, which are in-
soluble in non-protic organic solvents. Thus, the
soluble Zn,O,-heterocubane [MeZnOSIMe;], 3a re-
acts with a second equiv trimethylsilanol to give the
insoluble polymeric zinc disiloxide [Zn(OSiMey),],, 4
Fg. 3.

Sublimation experiments revealed that 4 is, as ex-
pected, non-volatile, whereas the [MeZnOSiMe;],
heterocubane 3a shows a sufficient volatility. Electron-
Impact (El)-mass spectra of the volatile [MeZnO-
SiMey], cluster 3a show clearly that the tetrameric
form is indeed retained in the gas phase. The same is
truefor itssolutionsevenif polar solvents such as THF
are used. The latter is confirmed by ESI (Electro-
Spray-lonisation)-mass spectrometry. Interestingly,
the relatively high stability of the Zn,O, core in 3
permits oxidative exchange of the substituents at the
Zn atom: thus, iodination of 3 leads to the correspond-
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Fig. 2. Formation of the polymer 4.
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Fig. 3. Solid-state-decomposition pathways of 3a.

ing (IZnOSIRy), heterocubanes, which are also
superb molecular precursors for the formation of ZnO.

2.2. Ambivalent decomposition pathways of the zinc
siloxide precursor (MeZnOSMe;), (3a)
and [Zn(OSMey),] 1(4)

Surprisingly, solid-state thermolyses of the volatile
zinc siloxide [MeZnOSiMe;], 3a and of the non-
volatile polymeric compound Zn(OSiMe;), 4 furnish
the same products. Depending on the reaction condi-
tions, thermolysis in the temperature regime of 120—
300 °C leads to nanocrystalline zinc oxide or pure
elemental zinc. Not only that a mixture of elemental
zinc and zinc oxide can also be observed. In contrast,
decomposition of the non-volatile iodine compound
[1ZnOSiMe;], furnishes exclusively ZnO. The decom-
position of 3a starts at approximately 120 °C and
follows the two different reaction channels A (forma-
tion of Zn, thermodynamic control) and B (formation
of ZnO, kinetic control), according to Thisis
also in agreement with results received by different
heating rates applied under thermal analysisconditions
(TG, DSC) and withthe GC/M Sanalysisof thevolatile
reaction products Me;SiOMe (A) and SiMe, (B).

Interestingly, the reaction pathways A and B are
thermodynamically only slightly different, since rela-
tively small changes in the reaction conditions lead to
three different reaction products: (a) nanocrystalline
ZnO (thermolysisin an Ar-flow at 160 °C, 1 h), (b) a
mixture of Zn and ZnO (thermolysis in vacuum at
200 °C, 2 h), and (c) pure elemental Zn (thermolysisat
300 °C in vacuum, 2 h). The reaction products were
investigated by means of Atomic Absorption Spectros-
copy (AAS), Electron Dispersion X-Ray Anaysis
(EDX), elemental analysisand Powder X-Ray Diffrac-
tion (XRD,

The formation of nanocrystalline ZnO with particle
diameters of 10-12 nm is concluded from the Powder
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Fig. 4. Powder-XRD diagram of the thermolysis products of 3a.

XRD pattern and the very high BET (Brunauer-
Emmet-Teller) surface area of ca 110 m? g . Consis-
tent with these results are HRTEM-images
showing clusters of ZnO-nanocrystals with the lattice
parameters of wurtzite (d,,{ 001} = 2.81 A). Due to
thermodynamic reasons, thermolysis of the iodine-
containing heterocubaneis solely directed towards the
formation of ZnO and Me;Sil. In contrast to the
[MezZnOSiMe;], 3a, the iodine derivative [IZnO-
SiMe;], cannot be sublimated without decomposition.

Apparently the thermolysis of 3a is more versatile
than that of related organozinc alkoxides and zinc
acetylacetonate, whose decomposition yields exclu-
sively ZnO. The sameistrue for the ‘wet-synthesis' of
ZnO particles by sol-gel processing. But how to ex-
plain the competitive decomposition pathways of 3a?
Calculation of reaction enthalpy [[33]| reveals that de-

Fig. 5. HRTEM micrographs of ZnO nanoparticles derived from
solid-state decomposition of 3a.
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Fig. 6. Solid-state decomposition of 4.

composition to Zn and Me;SiIOMe (pathway A) is
favoured by 12 kcal mol™. This small difference in
reaction enthalpy can explain the observed formation
of Zn and ZnO.

Intriguing are also the results of the thermolysis of
the polymeric compound [Zn(OSiMey),] 4, which oc-
curs at 80-230 °C in vacuo under formation of nanoc-
rystalline ZnO, SiMe, and (Me,SiO),, (Figs. 6 and 7).
Interestingly, ZnO sublimes off readily during the re-
action progress. Thus, the thermolysis of 4 isan amaz-
ing, simple and effective route for ZnO deposition.
Apparently, the formation of polysiloxanesisdueto a
Me-Si/Zn-O metathesis reaction and formation of the
[MeZnOSiMe;] , heterocubane 3a, which is proven by
El-mass spectrometry.
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Fig. 7. Powder-XRD diagrams of the different thermolysis products
derived from the solid-state decomposition of 4: (a) formation of
nanocrystalline ZnO at 80-230 °C in vacuum, (b) formation of
elemental Zn and nanocrystalline ZnO at 300 °C under Ar flow, and
(c) formation of elemental Zn in a preheated furnace at 230 °C in
vacuum.

Thisresult is one of the rare examples for a methyl
transfer process from silicon to a transition metal.
However, decomposition of 4 under more drastic con-
ditionsin a preheated furnace (230 °C, 15 h) furnishes

elemental Zn, (Me,Si0O),, and Me;SIOMe, according
to the decomposition pathway A (see|Figs. 6 and 7)

Clearly, the reason for the ambivalent thermolysis
of the zinc siloxidesisthe competition of Si and Zn for
oxygen. Thus, transfer of this method to other (even
mixed) metal siloxides with isoenergetic M—O/Si-O
bonding energiesis apromising ‘low-temperature’ ap-
proach towards the preparation of different metastable
metal/metal oxide substrates that are not or hardly
accessible by conventional solid-state reactions.

2.3. Gas-phase decomposition of [MeZnOSMe;] ,
(3a)

Onewould expect that the gas-phase decomposition
of the heterocubane 3a under CV S conditions (Chemi-
cal Vapour Synthesis, high dissolution) is fundamen-
tally different from that of the solid-state process. In
other words, the gas-phase decomposition should give
adifferent product distribution. The gas-phase decom-
position of the Zn,O ,-heterocubane 3a was performed
in acontinuous process at normal pressure using hitro-
gen, purified by a getter, as a carrier gas. The experi-
mental set-up was assembled according to|Fi§. 8.

Briefly, it consists of an evaporation furnace, a de-
composition furnace, a particle charger, a particle pre-
cipitator and an on-line particle size measurement sys-
tem. The particles formed after decomposition remain
as a polydisperse aerosol in the gas phase and were
then passed through a radioactive a-source (***Am) to
charge the particles electrically. The charged particles
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Fig. 8. Experimental set-up for Chemical Vapour Synthesis (CVS).

were then either deposited directly or passed through a
Differential Mobility Analyser (DMA, TSI-Short,
Minneapolis, USA) for size-classification and then de-
posited with ~100% efficiency on a suitable substrate
(TEM grid or Si (100) wafer) using a electrostatic
precipitator. In a DMA the charged particles are size-
selected on the basis of their electrical mobility, which
isafunction of their charge level, mass and shape. The
mobility equivalent diameter (D) related to the
Stokes-Cunningham formulais equal to the geometric
diameter when the particles are singly charged and
spherical. Thus, choosing a particular applied voltage
and flow ratio in the DMA, a monodisperse aerosol
with an adjustable size between 10 and 100 nm and
standard deviation below 10% can be obtained in the
present system. A condensation nucleus counter
(CNC, TSI, Model-3022, Minneapolis, USA) wasused
to monitor the aerosol number concentration. The pro-
duced polydisperse aerosol can also be examined with
the Differential Mobility Particle Sizing technique
(DMPS, TSI, Model 3081) for particlesizedistribution
with respect to time, precursor evaporation tempera-
ture and precursor decomposition temperature. The

Fig. 9. TEM micrographs of particles. (a) 300 °C: Size-classified
particles of ~35 nm (inset: particles become hollow on exposing
electron beam); (b) 500 °C: size-classified particlesof ~82 nm (inset:
particles are connected with each other); (c) 500 °C: HRTEM images
of the ~4-nm Zn particle; (d) TEM micrographs of the deposit
formed at 750 °C (inset: a nano-rod coated with an oxide layer).

on-line particle size measurement system showed that
the particle number concentration decreases with time.

Previous experience showed that the loss of the
evaporating material does not change the evaporation
rate and subsequent particle formation substantially.
The decrease in vapour pressure with time is therefore
not due to the decrease in amount of the material but
dueto chemical conversion of the precursor inthe solid
state. This is a well-known problem for most metal
oxide precursors that undergo slow thermal decompo-
sition on prolonged heating. The online particle mea-
surements ensured that the total particle number con-
centration was stable, of the order of 10" cm™, For this
end, the precursor 3a was heated slowly from 60 to
140 °C over aperiod of two days.

The XRD pattern and NMR spectraof the deposited
particles after decomposition at 300 °C at both resi-
dence times are identical to that of the pure precursor
3a. The TEM measurement revealed irregular
shaped particles of amorphous 3a. The particles
change their morphology on extended exposure to the
electron beam (Fig. 9ginset), indicating a high vapour
pressure. Thus, no gas-phase decomposition takes
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place at 300 °C. Interestingly, this behaviour is in
contrast to that of the solid-state decomposition that
aready takes place at 160 °C. However, at higher
temperatures, the Zn,O,—heterocubane 3a can be de-
composed under CV S conditions.

The XRD of the deposited particles formed by de-
composition at 500 °C showed aso an amorphous
structure. A detailed characterization of the particles
was performed by TEM in combination with EDX and
line-scan EDX-measurements: showsthe TEM
image of size-classified particles with a mobility-
equivalent diameter of 82 nm. The perfect spherical
shape indicates that the particles have been in aliquid
phase and that the particle growth process was finished
before the temperature dropped below their melting
point. Line-scan EDX showed the uniform presence of
Zn,Oand Si inal the particles. Interestingly, presence
of very small particles of 2—4 nm was always observed
in the TEM (Fig. 99), even in larger size-classified
fractions. shows a high-resolution TEM (HR-
TEM) micrograph of one such small particle. The
particleswerefound to be crystallinewith well-defined
lattice spacing. The distance between two consecutive
parallel planes was found to be 0.21 nm, which corre-
spondsto thed,, plane of elemental Zn (reported d,o,
of Zn is 0.209 nm) Thus the small particles are
elemental Zn. The presence of these small particlesin
size-classified fractions can be explained by their
much higher diffusion coefficient. For example, the
diffusion coefficients of a 2-nm and 20-nm spherical
particle in air at 20 °C and 1 atm are 1.29 x 10 and
1.34 x 10* cm? 5%, respectively. Consequently, some
amount of uncharged particles of this size was able to
pass the DMA (Differential Mobility Analyser) due to
diffusion towards the charged aerosol outlet. This was
confirmed by changing the polarity of the precipitator,
which resulted in suppressing the deposition of the
size-classified particles (having one defined polarity),
but did not remove the small particles. Another inter-
esting detail isthat upon increasing the residence time
from 16.7 to 83.5 sagrey deposit was found just after
the 500 °C region of thefurnace. Theformation of very
small Zn particles and the increase in the Si content
with increasing particle size probably indicate that at
500 °C the precursor initially decomposesinto elemen-
tal Zn aggregates coated by oligodimethylsiloxanes.
These siloxanes undergo polymerisation to form pol-
ysiloxanes, which are liquids. Decomposition at

750 °C furnishes amorphous Zn-Si—O-containing par-
ticles identical to those obtained at 500 °C, with the
Zn:Si ratio decreasing with increasing particle size.
Thelonger residencetimeleadsto acomplete elimina-
tion of Zn according to EDX-measurements, at the
same time preserving the spherical particle morphol-
ogy. However, no small crystalline Zn particles were
observed in the TEM. Another difference between the
thermolysisat 750 °C vs 500 °C wasthe formation of a
grey deposit at 750 °C at the end of the decomposition
tube, where the temperature was ~300 °C. XRD and
electron diffraction in TEM showed that the grey prod-
uct is crystalline Zn. The corresponding TEM micro-
graph is shown in [Fig. 9d, which depicts a rod- and
belt-like morphology with typical length of a few mi-
crometers. Some of these wire-like structures have
diameters within 3060 nm. EDX measurements on
these nano-whiskers indicate the presence of Zn only;
no Si is detected. In some cases, the nano-whiskersare
covered by athin amorphous ZnO shell inset),
which was confirmed by EDX measurements.

2.3.1. Particle-formation pathway

How could one explain the results on the molecular
level? Since we know from El-mass spectrometric
measurements that the Zn,O,-heterocubane structure
is retained in the gas phase within the temperature
range of 60-140 °C during the evaporation process, it
is unlikely that the Zn,O,—heterocubane clusters 3a
can undergo intermolecular reactions with each other
under the CV'S conditions applied (high dissolution).
Thismay be an explanation for the high stability of the
precursor in the gas-phase if compared to the much
lower thermal stability in the solid-state process (inter-
and intramolecular processes; decomposition at
> 160 °C). We propose that in the gas phase at much
higher temperatures (500 °C), only an intramolecul ar
reaction occurs, which leads, at the same time, to the
formation of ahypothetical Zn, cluster, ethane and the
corresponding cyclotetrasiloxane (Step | in.

In line with that, ethane and oligosiloxanes are in-
deed liberated, even during the thermolysis of solid
[MeZnOSiMe,] , at elevated temperatures (> 260 °C),
as confirmed by GC-M S measurements. We postul ate
that the Zn,-cluster and the cyclotetrasiloxane form
hypothetical  highly  reactive  pre-composites
[Zn,@(Me,SIO),], which could polymerise at lower
temperature  to  form larger aggregates
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Step I: formation of Zng aggregates covered by siloxane oligomers (schematic).

Step II: gas-phase polymerisation around Zn, aggregates (schematic).
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Fig. 10. Proposed mechanism for the gas-phase decomposition of [MeZnOSiMe;] ,3a.

[Zn,@(Me,SiO),,], while a higher temperatures
(750 °C) the oligosiloxane shell can be ripped off and
‘naked’ Zn,-clusters are liberated into the gas phase
(Step 11 in . We believe that the proposed
reaction mechanism is supported by the following ex-
perimental findings: the TEM-investigations of the
500 °C deposits revealed a small amount of Zn nano-
particles in the range of 2—4 nm. This supports the
hypothesis that Zn° is formed in the initial step. All
observed Zn—O—Si-containing deposits have a spheri-
cal shape. Thus, aliquid phase isinvolved in the for-
mation process. This agreeswell with the properties of
oligosiloxanes. At high temperatures, the amount of
‘free’ zinc particles should be higher than at lower
temperatures. This could explain the formation of the
observed Zn whiskers, which are deposited onto the
glasswall.
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