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/Abstract: The synthesis of metal oxide nanoparticles in or-
ganic solvents, so-called nonaqueous (or nonhydrolytic) pro-
cesses represent powerful alternatives to aqueous ap-
proaches and have become an independent research field.
10 Years ago, when we published our first review on organic
reaction pathways in nonaqueous sol-gel approaches, the
number of examples was relatively limited. Nowadays, it is
almost impossible to provide an exhaustive overview. Here
we review the development of the last few years, without
neglecting pioneering examples, which help to follow the
historical development. The importance of a profound un-
derstanding of mechanistic aspects of nanoparticle crystalli-
zation and formation mechanisms can’t be overestimated,
when it comes to the design of rational synthesis concepts
under minimization of trial-and-error experiments. The main
reason for the progress in mechanistic understanding lies in

-

the availability of characterization tools that make it possible
to monitor chemical reactions from the dissolution of the
precursor to the nucleation and growth of the nanoparticles,
by ex situ methods involving sampling after different reac-
tion times, but more and more also by in situ studies. After
a short introduction to experimental aspects of nonaqueous
sol-gel routes to metal oxide nanoparticles, we provide an
overview of the main and basic organic reaction pathways
in these approaches. Afterwards, we summarize the main
characterization methods to study formation mechanisms,
and then we discuss in great depth the chemical formation
mechanisms of many different types of metal oxide nano-
particles. The review concludes with a paragraph on selected
crystallization mechanisms reported for nonaqueous systems
and a few illustrative examples of nonaqueous sol-gel con-
cepts applied to surface chemistry. )

1. Introduction

Tailor-made and highly specialized nanomaterials hold the key
for fundamental advances in diverse areas such as energy con-
version,>™ energy storage,®* heterogeneous catalysis,’*® data
storage,”) medicine,"®'? and other industrial applications.
Solvent-based synthesis approaches are particularly suitable
for nanoparticles, because during the chemical transformation
of the homogeneously dissolved molecular precursors into the
final products many ways exist to control the particle morphol-
ogy, the crystallinity and the surface properties, and thus the
agglomeration behavior. Such a subtle control is absolutely es-
sential considering that on the nanoscale, size and shape are
nearly as important as the composition in determining the
chemical and physical properties of materials."

Nowadays many different synthesis approaches (liquid-">""?
as well as gas-phase routes®*?") to a large variety of nanoparti-
cles and nanostructures are available, covering nearly all
classes of materials. But in spite of the great progress in nano-
particle synthesis, several major challenges remain. It is impos-
sible to predict the particle morphology from a specific reac-
tion mixture. Surface-functionalization to prevent agglomera-
tion and to enable dispersion for further processing of nano-
particles remains difficult. Reliable and reproducible scale-up
from laboratory to industrial quantities is, especially for solu-
tion routes, still a problem. Clearly, these issues are connected
to a lack of in-depth knowledge about nanoparticle formation
and crystallization mechanisms and about their surface chemis-
try.

The reasons, why mechanistic aspects of nanoparticle forma-
tion are not well understood, are not at all due to missing ef-
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forts within the scientific community. The high complexity of
the reaction pathways and their pronounced chemical sensitiv-
ity on slight variations of the synthesis protocols makes it
nearly impossible to elaborate generally valid rules and con-
cepts. Moreover, reaction mixtures containing several com-
pounds severely complicate mechanistic studies. Systematic
variation of the chemical compounds in the initial reaction
mixture and observation of the resulting changes of the prod-
uct is currently the standard way to elaborate the role of the
different chemicals in a synthesis system, and in an increasing
number of cases, the studies are supported by modeling.

There are absolutely no doubts that any mechanistic insights
are immensely helpful to explain the outcome of a synthesis
and to improve the synthesis protocols. Unfortunately, in most
of the studies the explanations follow the experimental obser-
vations, and the predictive character is strongly limited. Start-
ing from a specific reaction mixture it is still impossible to fore-
see the composition, the crystal structure and the morphology
of the forming nanoparticles considering the influence of all
chemical species (initially added, but also formed in situ) as
well as of the physical reaction conditions.

Mechanistic studies are tedious, time consuming and labor
intensive, because they have to include all aspects of nanopar-
ticle formation, including pre-nucleation processes, nucleation
and growth, assembly and agglomeration, chemical reaction
pathways and the solid-liquid interface at all stages of the syn-
thesis. In addition, the results have to be put in the context of
current theories, and basic concepts have to be widened and
adapted to the experimental results. As a matter of fact, exper-
imentally observed “anomalies” have been at the origin of
a lively discussion on the mechanism of crystallization for de-

cades.”>? Concepts such as pre-nucleation clusters,”? orient-
ed attachment,”®*® particle-based crystallization mecha-
nisms®?” and mesocrystals®® helped to explain the experi-

mental observations apparently contradicting the classical
view of crystallization. With increasing complexity of the crys-
tallization mechanisms not only the capabilities of dedicated
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characterization methods have to be extended,”” but tools
from other research areas have to be adapted to the in situ
monitoring of nanoparticle growth.*™® A complete reaction
monitoring from the dissolution of the precursor to the forma-
tion of the final nanocrystalline product makes greatest de-
mands to the applied probes. Inorganic and organic reactions
and compounds as well as solid and liquid interfaces have to
be simultaneously analyzed over several length and time
scales.”® Additionally, to finally propose a generally under-
standable formation mechanism, concerted and/or cooperative
processes have to be separated in time and split into a se-
quence of individual reaction steps, and chemical reactions not
related to nanoparticle formation have to be discarded.

Mechanistic studies can be performed by ex situ as well as
by in situ techniques. Most of the studies on nanoparticle for-
mation mechanisms are based on reaction sampling after dif-
ferent times followed by sample preparation and analysis.
Such ex situ analysis, also known as indirect sampling, has sev-
eral limitations. The two most important ones are that indirect
sampling is typically time consuming due to rather laborious
sample preparation, and that the sample might undergo some
changes during the preparation. This problem is especially pro-
nounced for characterization techniques that generally require
dried specimens, for example, X-ray powder diffraction or elec-
tron microscopy. Drying effects are a particularly serious issue,
if nanoparticle formation involves a particle-mediated process.
Moreover, indirect sampling not only involves quenching of
the reaction solution, hampering the observation of unstable
intermediates, but also induces a volume change in the
mother liquor, which might affect the chemical equilibrium.
Consequently, extreme care has to be taken when conclusions
on particle formation mechanisms are drawn from ex situ
measurements.

In situ studies, on the other hand, make the individual
sample preparation and measurement superfluous, offering
a more accurate and time saving approach. Data collection at
high frequency, minimization of the perturbation applied to
the fragile physico-chemical equilibrium and access to kinetic
and dynamic parameters represent additional advantages of in
situ investigations. On the other side of the coin, monitoring
of dynamic and heterogeneous systems is experimentally chal-
lenging. The presence of highly absorbing solvents can sup-
press the signal of the solid phase. In turn, the solid phase can
cause spectral artifacts, baseline shifts or uncontrolled noise,
rendering the quantitative analysis of the liquid phase difficult.
Side reactions, intermediates present only for short times and/
or at low concentrations and finally the lack of theoretical
models and dedicated experimental instruments for the study
of interfacial reactions in solutions are further obstacles that
have to be overcome to establish in situ methods as a generally
applicable tool to investigate nanoparticle formation mecha-
nisms. Last, but not least, data analysis and interpretation is
often difficult simply due to the immense data volume, but
also due to processes, which might occur in parallel, leading to
the superimposition of measurement signals.

It is obvious that the various synthesis methods are not
equally compatible with in situ techniques. Whereas solution
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routes are usually easier to combine with in situ probes, gas-
phase and solid-state methods are more complex to monitor
under reaction conditions. But also among the solution routes
there are big differences. Syntheses performed at low tempera-
tures in open vessels are relatively straightforward to study,
whereas harsh reaction conditions (high temperature, high
pressure, corrosive environments,...) and closed containers
cause some troubles. Solutions to these problems are offered
by measuring cells that were specifically developed for such re-
action systems.?'¥

The first and most important step on the way to study the
formation mechanism of a particular nanomaterial is the care-
ful planning of the experiment, which includes identification of
the goals, that is, the information one wants to collect, and se-
lection of the appropriate instruments and experimental condi-
tions. The following questions have to be addressed: Is infor-
mation on short- or long-range atomic order required? What
are the time scales that have to be resolved? What are the op-
timum concentrations to measure any signals? Is parallel in-
strumentation required? In addition, it might be necessary to
design reactors that are able to accommodate the probes or
that are compatible with specialized tools such as synchrotron
irradiation. The reactor design has to include considerations
about the pressure range, chemical environment and the tem-
perature conditions during nanoparticle growth. Interference
between the different probes as well as between the probes
and the reaction system itself has to be excluded. Ideally, the
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monitoring involves noninvasive and orthogonal instrumenta-
tion, capable of following all aspects of nanoparticle formation.

In this Review we approach the topic of nonaqueous sol-gel
chemistry on different levels and we try to cover several as-
pects of nanoparticle formation. In the introduction we pre-
sented some basic considerations of mechanistic studies on
nanoparticle formation. In Section 2, we provide a brief over-
view of experimental details regarding the synthesis of metal
oxide nanoparticles in organic solvents and their basic underly-
ing reaction pathways, leading to the formation of M-OH spe-
cies and finally to M-O-M units. In Section 3, an overview of
the different characterization methods used for monitoring
nanoparticle formation is presented, including spectroscopic,
scattering and microscopy methods. The focus is on the infor-
mation accessible by a specific method rather than on techni-
cal details. Section 4 represents the major part of the review
and presents an in-depth discussion of the chemical formation
mechanisms observed for different types of metal oxide nano-
particles, categorized according to the reaction systems, that
is, precursor and solvent. We start with reactions between
metal halides and oxygen donors, followed by reactions be-
tween metal alkoxides and alcohols or amines, metal acetyla-
cetonates and alcohols or amines and finally reactions of vari-
ous precursors with ketones and aldehydes. In Section 5, we
discuss a few crystallization studies performed in organic sol-
vents on titania, molybdenum dioxide, tungsten oxide and
zinc oxide. Finally, in Section 6 we present selected examples
of surface functionalization, which make use of nonaqueous
sol-gel concepts. In general, we direct our attention towards
publications reporting mechanistic aspects of nanoparticle for-
mation rather than on discussing pure synthesis papers. For
a general overview of nonaqueous/nonhydrolytic synthesis
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routes, the interested reader is referred to dedicated litera-
ture 3438

2. Overview of Nonaqueous Sol-Gel Routes to
Metal Oxide Nanoparticles and Their Basic
Organic Reaction Pathways

In contrast to aqueous sol-gel chemistry, nonaqueous sol-gel
routes are performed in organic solvents (not necessarily misci-
ble with water) and work without external addition of
water.?*3>3% However, in situ formed water might still render
the process hydrolytic. Therefore, we prefer to use the term
“nonaqueous” rather than “nonhydrolytic”, although in litera-
ture nonaqueous and nonhydrolytic are often used inter-
changeably. Similar to aqueous systems, nonaqueous sol-gel
routes are mainly used for metal oxides, although metal sul-
fides"*" and metal nitrides? are also accessible in selected
cases.

In a typical nonaqueous sol-gel synthesis, molecular precur-
sors such as metal halides, metal alkoxides, metal acetates or
metal acetylacetonates are dissolved in an organic solvent
(e.g., alcohols, ketones, amines, hydrocarbons,...) or in a sol-
vent mixture and heated to temperatures between 50 and
250°C using an oil bath, an autoclave or a microwave reactor
(Figure 1, upper part). After the heat treatment, the precipitate
(either spontaneously formed or precipitated by adding a non-
solvent) is separated from the reaction liquid by centrifugation,
resulting in a powder after drying. The nonaqueous sol-gel
routes are applicable to a wide variety of metal oxide nanopar-
ticles, including magnetic, ferroelectric, electrically conducting
and doped nanostructures of different sizes and shapes
(Figure 1, lower part). Most importantly, the nanoparticles are
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Figure 1. Upper part: Schematic of the nonaqueous sol-gel synthesis approach for metal oxide nanoparticles using autoclave, oil bath or microwave heating.
Lower part: Transmission electron microscopy (TEM) images of selected metal oxide nanoparticles and their properties. Reproduced from ref. [43] with permis-
sion of Elsevier B.V.
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highly crystalline directly after the synthesis. While annealing is
not necessary for inducing the crystallization, it is still often ap-
plied to remove organic impurities attached to the surface of
the nanoparticles.

In comparison to aqueous system, where the water mole-
cules donate the oxygen atom for oxide formation via hydroly-
sis and condensation, nonaqueous sol-gel processes involve
chemical reactions between organic species (e.g., the organic
part of the precursor and/or the solvent(s)). Accordingly, the
chemistry is determined by the reactivity of the C—O rather
than the O—H bond."* For the study of formation mechanisms,
it is considerably easier to follow the chemical transformation
of organic species rather than that of water molecules. Never-
theless, the role of the organic compounds is manifold and
can be tremendously complex,”™ including acting as oxygen
source, stabilizing agent, surface ligand, reducing/oxidizing
agent, or even as constituent of the final product in case of
formation of organic-inorganic hybrids.“*=" As a result, organic
species (initially present, but also formed during the reaction)
influence crystal size, shape, composition, oxidation state of
the metal ions, crystal structure, surface chemistry, and ag-
glomeration/assembly behavior. Having said that, it is obvious
that the investigation of nanoparticle formation and crystalliza-
tion mechanisms in nonaqueous systems has to consider the
inorganic and the organic side as well as the organic-inorganic
interface.

In aqueous sol-gel processes, hydrolysis and condensation
reactions are responsible for the formation of the metal oxides.
Hydrolysis of the precursor leads to the formation of M-OH
species, which then undergo water or alcohol condensation to
form M-O-M bonds as basic structural unit of metal oxides. In
nonaqueous systems, M-OH and M-O-M bonds are also
formed, but typically by organic reactions. At this point it is
worth to note that most of the principles of nonaqueous/non-
hydrolytic sol-gel chemistry have been developed a long time
ago for the synthesis of gels." An important aspect in this
regard was the progress made in understanding the chemistry
of metal alkoxides.”***) However, only in the beginning of the
1990ies with the work of Corriu, Vioux and co-workers on
monolithic silica, alumina and titania and mixed oxide gels,
these methods attracted a broader attention.**>®

Nonaqueous sol-gel routes are not necessarily water-free
during the whole reaction course. Although the initial reaction
mixture might be anhydrous, specific organic reactions are
able to produce water in situ (e.g., aldol condensation and
esterification reactions), rendering the system in principle hy-
drolytic. But even in the absence of water, it is possible to
have hydroxylation reactions, that is, formation of M-OH spe-
cies (Scheme 1). Scheme 1a shows the reaction between metal
halides and alcohols. After the coordination of the alcohol to
the metal center, elimination of an alkyl halide RX leads to the
formation of a M-OH species. Of course, one has to keep in
mind that such schematic reaction pathways are idealized and
oversimplified. In general, the detailed structure of the M-OH
compound is unknown. As a matter of fact, even the structure
of the precursor after dissolution in the organic solvent has
typically nothing to do anymore with what is written on the
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Scheme 1. Overview of nonhydrolytic hydroxylation reactions. (a) Reaction
of metal halides with alcohols. (b) Guerbet-type reaction of a metal isoprop-
oxide with benzyl alcohol leading to M-OH and 4-phenyl-2-butanol. (c) Aldol
condensation between two acetone molecules. As an example, the metal M
is in the oxidation state of 4-+. However, the Scheme also applies to any
other oxidation state. Scheme reproduced from ref. [34].

purchased bottle, because it immediately reacts with the sol-
vent even at room temperature. Nevertheless, these schemes
provide a helpful tool to understand the chemistry, and analy-
sis of the organic products in the final reaction solution often
confirms these pathways. The second example (Scheme 1b) in-
volves a Guerbet-type reaction, in which the alkoxide ligand
undergoes a C—C bond formation in B-position to another al-
cohol (e.g., the solvent) under formation of a metal hydroxide.
This pathway is not very common and occurs under alkaline
conditions or in the presence of Lewis-acidic metal ions. Exam-
ples include the formation of BaTiO; nanoparticles® and yttria
nanostructures.*® Finally, Scheme 1c displays the formation of
M-OH by an aldol condensation between two acetone mole-
cules, which produces water for the hydrolysis of the metal alk-
oxide and mesityl oxide.

Independent of how the M-OH forms, all these species can
undergo condensation reactions analogous to aqueous sys-
tems, leading to M-O-M units.

The formation of M-O-M bridges is also possible without the
involvement of hydroxyl species, for example, from metal alk-
oxides, which form upon the reaction of metal halides with al-
cohols (alcoholysis, Scheme 2a) or ethers (etherolysis,
Scheme 2b).

Depending on the reaction system, the alkoxy groups subse-
quently condense into M-O-M bonds under release of organic
molecules, which define the type of elimination reaction
(Scheme 3). Alkyl halide elimination involves the condensation
between a metal alkoxide and a metal halide (Scheme 3a),
ester elimination occurs between metal carboxylates and
metal alkoxides (Scheme 3b) and ether elimination is the result

R X, X
(@ MX; — > G»M ——> RO—MX; + HX
VAN
Ho X x
R X\ X
(b) MXy —— >6|+M‘\ — 5 RO—MXz + RX
/\
R
X X

Scheme 2. In situ formation of metal alkoxides by (a) alcoholysis and (b)
etherolysis. As an example, the metal M is present in the oxidation state of
4+ . Scheme reproduced from ref. [34].
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() =M—X + R—O—M=—— " » =M—0—M= + R—X
l I
() =M—O—CR + R—O—M=-R  » =M—0—M= + RO—CR'

(c) =M—OR + RO—M=———"——> =M—0—M= + R—O0—R

Scheme 3. Condensation mechanisms leading to M-O-M units: (a) Alkyl
halide elimination, (b) ester elimination, (c) ether elimination. As an example,
the metal M is present in the oxidation state of 44-. Scheme reproduced
from ref. [34].

of the reaction between two metal alkoxides (Scheme 3¢). Ac-
cordingly, determination and quantification of the organic
elimination products provide information about possible con-
densation pathways.

This section just provided a short and schematic overview of
the most important and fundamental organic reaction path-
ways found in nonaqueous sol-gel chemistry. The presented
schemes are shown for metal ions in the oxidation state of
4+. However, the same mechanisms apply to metal ions in
any other oxidation state. Further mechanistic details can be
found in dedicated reviews,***® book chapters®*** and
books.””' Examples of selected organic reaction pathways ob-
served in the synthesis of specific metal oxide nanoparticles
are discussed in Section 4.

3. Overview of Methods To Study Mechanisms

In this section, we will briefly discuss the most common tech-
niques to study nanoparticle formation mechanisms in solu-
tion. While these methods have a long tradition in the postsyn-
thetic characterization of powders,®” meanwhile they also
enable in situ investigations. Especially in the field of heteroge-
neous catalysis, there is tremendous know-how in the in situ
characterization of organic and inorganic species as well as
their interface.”” We will put the focus on the type of informa-
tion, which can be extracted from a specific characterization
tool rather than on explaining its working principles (Figure 2).
However, we provide additional references for the interested
reader. Our discussion is divided into three parts: i) Spectro-
scopic monitoring involving laboratory as well as synchrotron
techniques, i) diffraction and scattering methods and iii
image-guided microscopy tools. Gas chromatography-mass
spectrometry (GC-MS), which does not fit in one of these three
categories, is not further discussed in this method section.
Nevertheless, it is frequently used to separate, identify and
quantify organic compounds as will be shown in Section 4.

3.1 Spectroscopy

Optical spectroscopy has extensively been used for the charac-
terization of the electronic structure of nanoparticles. When
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Figure 2. Overview of selected characterization methods together classified
into the three categories diffraction, spectroscopy and imaging with the
main information gained from these techniques. IR: Infrared spectroscopy;
XRD: X-ray diffraction; EM: Electron microscopy; NMR: Nuclear magnetic res-
onance; XAS: X-ray absorption spectroscopy; UV/Vis: Ultraviolet-visible spec-
troscopy.

the size of nanoparticles shrinks to just a few nanometers, sur-
face and quantum size effects come into play. Especially in
semiconductors these effects lead to a strong dependence of
the electrical and optical properties on size.®? In particular, the
band gap energy increases with decreasing particle size, that
is, the energy of the band gap absorption and that of the
emission increase and become sensitive to the size and shape
of the particles.® In addition to the shift in band gap energy
as a function of primary particle size, one could also expect to
see discrete features in the spectra. In metal oxides this is how-
ever not the case. The influence of the nanostructure in optical
spectroscopy data is mostly restricted to the absorption onset
energy, because the particle size distribution induces broaden-
ing of the spectrum and limits the study of the shape of the
optical absorption spectrum.® Nevertheless, it is easily possi-
ble to extract information about the primary particle size from
simple UV/Vis measurements. Especially ZnO nanocrystals
show a pronounced shift of the band gap and consequently of
the absorption edge with size, and several studies took advant-
age of this effect to monitor nucleation and growth of ZnO
nanoparticles in solution.®* " As a matter of fact, the forma-
tion mechanisms of ZnO nanoparticles have been extensively
studied.® Further insight into the characterization of hetero-
geneous catalysts by UV/Vis spectroscopy with special empha-
sis on transition metal ion containing catalysts can be found
here.®

Infrared spectroscopy (IR) is a widely used technique to char-
acterize samples in the liquid, solid, or gas state. IR spectra rep-
resent fingerprints specific for a molecule or a material, and
thus enable their identification in a sample. Moreover, the vi-
brational spectrum is sensitive to the environment of the mol-
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ecule, and therefore shifts of absorption bands are indications
for changing interactions such as formation or cleavage of
bonds, which is perfect for reaction monitoring. Although IR is
a well-established method, it brings along a few issues that
have to be considered during in situ studies in liquid phase.
The main limitation is the strong IR absorption by the reaction
mixture comprising reactants, products and in most cases a sol-
vent.”” The problem can be overcome by using the ATR (Atte-
nuated Total Reflection) technique. In this case, only the
sample close to the IR probe is measured (typically within the
range of a few pm), minimizing the contribution from the
liquid. Another limitation is the spectral overlap, if several spe-
cies contribute to the IR spectrum. In this case, the interpreta-
tion of the different bands and their assignment to specific
compounds is difficult. A possible solution for this problem is
the implementation of multivariate data analysis tools, which
offer a chemometric approach to resolve multiple component
responses in unknown mixtures.”"’? ATR-FTIR (Attenuated
Total Reflection-Fourier Transform Infrared Spectroscopy) has
extensively been used to study for example, heterogeneous
catalysis in water” or solid/liquid interfaces.”>”* In the field of
nanoparticle research, IR is mainly used for the characterization
of surface bound organic species. Inspired by the results ob-
tained in the field of catalysis, in situ ATR-FTIR became also at-
tractive for the study of nanoparticle formation mechanisms
by following the organic compounds and their interaction with
the growing nanoparticles. Typically, only completely dissolved
species are visible in the IR spectra.” However, if the nanopar-
ticles are in close contact with the IR probe, for example, if
they grow on the probe, then it is possible to get information
about their surface functionalization.””” An instructive example
was reported by Garnweitner and Grote, who studied the mo-
lecular kinetics and particle formation of water-dispersible tita-
nia nanocrystals from TiCl, in a benzyl alcohol-ethanol mixture
by in situ ATR-FTIR."® The ATR probe was directly immersed
into the reaction mixture. In spite of the fact that the IR spec-
tra were dominated by the solvent benzyl alcohol, it was possi-
ble to evaluate and identify the organic compounds formed or
consumed during the particle formation process. The bands as-
signed to benzyl chloride and benzyl ether increased with re-
action time, indicating that alkyl halide and ether elimination
were the main organic reactions involved in titania formation.
The IR data also revealed that these two organic reactions oc-
curred independently and possessed different kinetics. '*C and
'H NMR spectroscopy investigations confirmed the IR results
and additionally provided information about the interaction of
the solvent with the particle surface. The formation of the tita-
nia nanoparticles was monitored by ex situ transmission elec-
tron microscopy (TEM) and dynamic light scattering (DLS)
measurements.

Raman spectroscopy is a powerful tool to analyze structural/
morphological properties of solid oxides, providing information
about the existence of lattice defects and oxygen vacancies.
However, for mechanistic studies in liquid phase and especially
in organic solvents Raman is less suitable due to the intrinsical-
ly low sensitivity, resulting in extremely weak signals and due
to the strong absorption of the organic solvents.
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More suitable for in situ studies is X-ray absorption spectros-
copy (XAS), typically divided into the EXAFS (extended X-ray
absorption fine structure) and the XANES (X-ray absorption
near edge structure) region. Such measurements provide de-
tailed information about the chemical environment of a specific
element, but it requires synchrotron radiation and elaborate
data analysis.”® Nevertheless, the method is extremely power-
ful for the study of nanoparticle formation mechanisms, espe-
cially when the reaction system is and behaves complex (e.g.
the initial reaction mixture consists of many chemicals; the re-
action process is characterized by chemical and structural inho-
mogeneity; the metal ions undergo redox reactions;...).”” The
main advantage of XAS is that it makes it possible to look se-
lectively at a specific element in solution (even when highly di-
luted) with high temporal resolution up to milliseconds to
probe the local atomic environment including bond distances,
coordination number and the type of surrounding atoms.”>”®
XAS techniques are often used in conjunction with X-ray dif-
fraction, thus extending the accessible length scale from the
atomic site to systems undergoing crystallization.”® An instruc-
tive example, even though the synthesis was not performed in
an organic solvent, was presented by Patzke et al., who report-
ed an in situ study on the hydrothermal formation of MoO,
nanofibers by a combination of XANES/EXAFS and energy dis-
persive XRD techniques.®” These complementary tools enabled
the monitoring of the long- as well as the short-range order,
which was important to provide a full picture of nanoparticle
formation from the nucleation to growth and precipitation.
The autoclave cell was designed in a way that it allowed the
observation of both the solid and the liquid phase by EXAFS.
Local observation of the bulk liquid and the solid-liquid inter-
face gave information about the dissolution of the precursor
and the crystallization of the product. The same approach can
also be applied to metal oxide nanoparticles synthesized in or-
ganic solvents. Using a similar cell, the formation of MoO,
nanoparticles from MoO,Cl, in a mixture of benzyl alcohol and
acetophenone was studied.®” XAS allowed monitoring of the
reduction of Mo®* to Mo*", while the cell design with two X-
ray permeable windows at the bottom and in the middle of
the cell made it possible to follow the precipitation process. As
a result, a relation between precursor reduction and nucleation
of MoO, could be established. If the complexity of this system
is increased by adding nickel acetate to the initial reaction mix-
ture to produce Ni-doped MoO,, then XAS measurements
clearly indicated that already the nuclei had the same compo-
sition like the final nanoparticles (contrary to the hypothesis
that first the pure host material nucleates and the dopant is in-
corporated into the lattice only during the growth process).
Other systems were found to be unexpectedly complex. Even
though they just consisted of a precursor and a solvent, redox
reactions occurring in parallel (rather than consecutively) re-
sulting in different oxidation states of the metal species signifi-
cantly complicated in situ analyses. An example in this direc-
tion is the formation of cobalt and cobalt oxide nanoparticles
in benzyl alcohol.®¥ Starting from Co®", these ions were simul-
taneously oxidized to Co®* and reduced to Co°. The partial oxi-
dation was followed by a rapid formation of Co;0,
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nanoparticles and its consecutive solid-state reduction to CoO.
In parallel, metallic Co nanoparticles begun to grow directly
from the reduced species. The XAS data was evaluated by
MCR-ALS analysis. This example shows that XAS can be used
to determine the interdependence between nanoparticles with
varying compositions and between ions with different oxida-
tion states in solution.”

Nuclear magnetic resonance (NMR) spectroscopy is the most
widely used method for the identification and structure deter-
mination of organic molecules in solution by typically probing
the chemical environment of 'H and *C. However, the method
is not restricted to liquids, but can also be applied to solids,
which makes it a useful tool for in situ catalysis and crystalliza-
tion studies.®? For example, Harris et al. proposed a method to
follow the crystallization of organic molecules from liquid
phase either under complete exclusion of any contributions
from the liquid phase, just selectively measuring the solid par-
ticles,® or by simultaneously following the evolution of both
the liquid and the solid phases.®* Solid state NMR spectrosco-
py is not a very sensitive method, when compared with other
spectroscopic techniques.®? However, the development of spe-
cial techniques such as magic-angle spinning (MAS) or cross
polarization MAS (CP-MAS) together with sample cells suitable
for experiments at elevated temperatures and pressures con-
siderably improved its potential for in situ studies.®™ While the
observation of organic molecules is straightforward, inorganic
solids are only accessible if they contain NMR active nuclei
such as 2°Si, ”Al or *'P. But even in such a case, the acquisition
of a spectrum typically requires several minutes, and therefore
NMR has rarely been used to monitor the nucleation and
growth of metal oxides. Nevertheless, solution NMR is still able
to make great contributions to metal oxide nanoparticle re-
search by focusing on the role of organic species either as con-
densation products during nanoparticle formation and/or as
surface-active species. As discussed in the second part of Sec-
tion 2, the formation of M-O-M bonds goes along with organic
elimination reactions. To find out, which organic pathway is
taken during the formation of a specific metal oxide, one can
simply analyze the organic compounds in the final reaction
mixture by ex situ 'H and "C NMR. By retro-synthetical analysis
it is then possible to correlate the processes leading to these
organic compounds to the chemical formation mechanisms of
the oxide nanoparticles.** A simple example is the synthesis of
HfO, nanoparticles from hafnium(lV) ethoxide and benzyl alco-
hol. NMR characterization of the final reaction solution proved
the presence of different types of organic ethers, which clearly
pointed to an ether elimination process (Scheme 3¢).2® The
second important contribution of NMR techniques is in the
area of surface characterization of colloidal nanocrystals.®” In
many synthesis procedures, surfactants and organic additives
are used to control nucleation and growth of nanocrystals, to
prevent their agglomeration, and to functionalize their surface.
As surface-bound organic species strongly affect the physical
and chemical properties of nanoparticles, it is of course essen-
tial to have a clear picture about the surface chemistry. Garn-
weitner et al. revealed a different stabilization mechanism for
indium tin oxide and zirconia nanoparticles in the presence of
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weakly and strongly binding ligands by solution 'H and
3C NMR.®¥ Another interesting feature of NMR measurements
is the possibility to distinguish between free species in solution
and species interacting with or bound to the nanocrystals.®” In
addition to the identification of the organic species, it is even
possible to quantify the bound and free ligands.®” Another in-
teresting feature is the direct observation of ligand exchange
reactions. Such exchanges are important to tune the dispersi-
bility behavior of the nanocrystals in solvents with different
polarity, or simply to perform chemical reactions on the surface
of the nanoparticles. Regarding the latter, a fascinating exam-
ple was reported by De Roo etal., who reported a catalytic
ester formation between oleic acid molecules bound to the
surface of hafnium dioxide nanoparticles and ethanol
(Figure 3).%7 NMR spectra acquired at different reaction times
showed that initially the ester concentration increased linearly
with time, while the ethanol concentration decreased and the
surface-bound oleic acid remained constant. All adsorption
sites set free by the ester formation were obviously replenish-
ed by freshly added oleic acid, maintaining the surface compo-
sition of the hafnia nanoparticles.
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Figure 3. Schematic of the esterification reaction between surface-bound
carboxylic acids and added alcohol catalyzed by hafnia nanoparticles. Figure
reproduced from ref. [89] with permission of Nature Publishing Group.

3.2 Scattering Methods

In situ X-ray diffraction (XRD) techniques have mainly been ap-
plied in the investigation of solid state transformations.””
However, with the development of suitable reaction cells, also
the study of crystallization processes became easier and more
popular.?>7%992 X._ray diffraction provides information about
the crystallization kinetics, evolution and composition of the
crystalline phase(s), phase transformations, crystal size and ani-
sotropy. Structures without long-range order can be probed by
total X-ray scattering combined with atomic pair distribution
function. Especially information on precrystalline species and
processes such as molecular transformations, discrete clusters
or small nanoparticles are accessible, even under supercritical
conditions.”**” Most of the early in situ X-ray diffraction stud-
ies were focused on the crystallization of zeolites®® and other
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microporous® or mesoporous'®” materials grown under hy-

drothermal conditions. In the case of nanoparticle synthesis
the focus is directed towards the study of nucleation and
growth, because these processes determine the size, the size
distribution and the shape of the nanoparticles, and all these
factors are fundamental for their properties. Due to the fact
that most syntheses deal with the preparation of crystalline
nanoparticles, powder diffraction techniques represent a pow-
erful tool to monitor the course of particle formation in situ
under real conditions. However, as most of the nanoparticle
syntheses are not performed under ambient conditions, dedi-
cated cells have to be developed, fulfilling the following re-
quirements:®” i) The intensity of the radiation used must be
high enough to produce a good signal under reaction condi-
tions, ii) the geometry of the cell design has to allow unhin-
dered penetration of the X-ray beam, iii) the reaction mixture
in the cell has to be brought to the appropriate reaction condi-
tions, that is, heated or cooled, and the cell has to withstand
these reaction conditions, and iv) the rates of the processes to
be monitored have to be matched with the data acquisition
speed, so that the desired information is indeed accessible
from the data. In situ X-ray diffraction experiments can be per-
formed using either laboratory X-ray diffractometers or syn-
chrotron X-ray sources. However, examples on mechanistic
studies on nanoparticle growth in liquid medium using labora-
tory diffractometers are scarce because of the poor quality of
the data due to strong absorption of the X-ray beam by the re-
action chamber and the synthesis solution. In comparison to
typical laboratory X-ray diffraction, synchrotron radiation offers
a much higher brightness, which makes it possible to collect
high-resolution data in very short times, but also to minimize
absorption effects from the sample holder and the reaction
mixture. Both advantages are important, because one can per-
form the experiments in larger cells, and the shortened data
accumulation time allows to follow faster chemical reactions.
Such in situ XRD studies are not only interesting from a fun-
damental mechanistic point of view, but also with respect to
a rational tuning of the materials composition after the synthe-
sis (Figure 4). In the case of the reaction of copper(ll) acetyla-
cetonate with benzyl alcohol,"" it was shown by in situ syn-
chrotron X-ray diffraction that the process involved the trans-
formation of Cu" ions into solid Cu,O, followed by solid state
reduction of the oxide into metallic copper."®? Regarding post-
synthetic modification of the composition, in situ laboratory
XRD study revealed details about the oxidation behavior of the
copper, enabling the controlled transformation of the metallic
copper compound into single-phase CuO or into heterostruc-

Figure 4. Overview of the mechanism of metallic copper formation from
copper(ll) acetylacetonate and its transformation into CuO and Cu,0/Cu by
thermal treatment. Adapted from ref. [102].
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tured Cu,0/Cu through thermal treatment."*? Heterostructures
find widespread applications in photovoltaics, photocatalysis,
batteries or in gas sensors.

In comparison to X-ray diffraction, which mainly deals with
the atomic structure of crystals, small-angle X-ray scattering
(SAXS) probes relatively large structures such as polymers,
nanoparticles, colloids, and biological macromolecules.'®
Nevertheless, SAXS covers a broad range of length scales from
a few angstroms to several micrometers,® which makes it
a perfect tool to study nucleation and growth. SAXS records
electron density differences in the sample and therefore it is
also sensitive to amorphous materials. The measurements, es-
pecially under in situ conditions in liquid samples, are typically
performed with synchrotron irradiation. The information ob-
tained includes particle size, size distribution, shape, internal
structure and concentration, but also information about the
dynamics of the particles (e.g., agglomeration or gelation) is
accessible. It is important to mention that while XRD yields the
crystal size, SAXS measures the particle size, which is different
in case of polycrystalline particles. But in spite of all these at-
tractive features of SAXS, the data is not always straightfor-
ward to interpret due to its relatively featureless patterns
(compared with crystal diffraction data) and its high sensitivity
to the experimental technique and sample quality."*
Common problems are polydispersity of the sample, non-
spherical particle shapes and poor background subtractions.
Therefore, SAXS data analysis is typically supported by electron
microscopy investigations, giving information on particle size
distribution and particle shape. But even in such a case, data
fitting still often remains a time-consuming task.

One of the very few SAXS studies on non-spherical metal
oxide nanoparticles obtained by a nonaqueous sol-gel process
is dedicated to the crystallization mechanism of tungstite
nanoplatelets.'® These particles, synthesized from WCls and
benzyl alcohol, formed by a complicated crystallization process
involving nucleation of spherical particles, their assembly into
rod-like structures and finally internal rearrangement into crys-
tallographically oriented stacks of platelets. The SAXS patterns
could be fitted to such a particle-mediated growth process, al-
though the SAXS curves were relatively smooth without clearly
assignable structural features due to the polydispersity of the
scattering particles. But also here, time-dependent ex situ
transmission electron microscopy investigations helped to in-
terpret the complex SAXS data.

3.3 Microscopy

Transmission electron microscopy (TEM) is one of the most
powerful tools to directly image nanoparticles to get informa-
tion about their size and shape, but also about formation of
agglomerates or superstructures such as superlattices or meso-
crystals. In the high-resolution (HR) and diffraction mode, infor-
mation on crystal symmetry, crystallographic phase, and crystal
orientation is accessible, enabling determination of crystal
growth directions and crystallographic orientation of nanocrys-
tals within an agglomerate or ensemble. Accordingly, TEM is
able to provide a complete picture of the morphological and
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structural features of nanoparticles, however, with the disad-
vantage that the information is extracted only from a small
part of the sample. The limited statistics is probably the main
limitation of TEM methods. But TEM is by far not restricted to
imaging. Combined with energy dispersive X-ray spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS) also the
chemical and electronic structure of nanoparticles can be mea-
sured, providing local information on the elemental composi-
tion, elemental distribution or valence state. In the scanning
mode, in which the finely focused electron beam scans over
the sample, the resolution for these spectroscopy tools
reached the atomic level. An example in this direction reported
the use of EELS imaging in a scanning transmission electron
microscope (STEM) combined with multivariate statistical anal-
ysis to map the distribution of Ba dopant atoms in SrTiO;
nanoparticles."” New developments such as electron micros-
copy of specimens in liquid"®® or electron tomography, ena-
bling a three-dimensional picture of nano objects, or the avail-
ability of in situ cells continuously expand the repertoire and
make electron microscopy techniques even more attrac-
tive.'" Considering that electron microscopy is an ultra-
high vacuum technique, the implementation of dedicated cells
for directly probing the dynamics of gas-solid, liquid-solid and
liquid reactions at the atomic scale is amazing. It is obvious
that for the study of nucleation and growth of nanoparticles in
solution such a tool opens up completely new possibilities. In
this case, the low statistics of TEM is an advantage, because it
enables monitoring of a single event, revealing information,
which is hidden by methods producing a signal averaged over
the whole sample. In their pioneering work, Zheng et al. made
use of the electron beam to reduce Pt cations and thus trigger
their nucleation."” The study revealed two growth scenarios
of the nanoparticles, either by classical monomer attachment
or by random coalescence with subsequent intraparticle reor-
ganization. Meanwhile, the liquid cell has been improved to in-
crease the resolution,™® and other systems and processes
have been monitored like the oriented attachment of iron oxy-
hydroxide nanoparticles™ or the growth of Pt;Fe nano-
rods."™ Clearly, the fascination of TEM is not only rooted in its
scientific merit, but also in the fact that it is always nice to
“see” things happening with our eyes. More details on recent
advances in in situ TEM and a historical outline can be found
in the review of Chen et al."®

At this point we finish our summary on in situ methods. A
last reference is made to the review article of Pienack and
Bensch, who comprehensively summarized the different in situ
methods available for the study of the early stages of crystalli-
zation of solids.®”

4. Chemical Formation Mechanisms

In nonaqueous sol-gel synthesis, the selection of the appropri-
ate precursors and solvents defines the characteristics of the
resulting nanocrystals including structure, composition, size,
shape, surface ligands, and crystallinity,®®**"”"¥ and it also
determines the rate of the reaction, nucleation, growth and
surface chemistry of nanocrystals.>""*'?% Another important
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aspect to be considered is that the use of organic surfactants
or surface-active ligands during synthesis may introduce com-
pletely new effects.?"

In the following section, we provide the reader with an un-
derstanding of the organic reaction mechanisms behind nano-
particle formation in a specific precursor-solvent mixture. In ad-
dition to metal oxides, selected reaction mechanisms responsi-
ble for the formation of metal and metal nitride nanoparticles
are also briefly discussed. The section is structured according
to the different precursor-solvent systems used in nonaqueous
sol-gel processes. While the very basic and fundamental mech-
anisms were introduced in Section 2, we now focus on specific
examples reported in the literature for these different mecha-
nisms. It is important to mention that most of the schemes
represent a simplified molecular picture. Often the involved
species are not monomolecular, but polynuclear metal com-
plexes or clusters, whose structures are typically unknown. The
transient nature of intermediate species makes their characteri-
zation extremely challenging. For example, a recent study by
Garnweitner and co-workers showed the presence of defined
oligomeric coordination complexes during the growth of ana-
tase nanoparticles from titanium isopropoxide in benzyl alco-
hol."?? Using various NMR spectroscopy techniques and single
crystal structure determination they were able to determine
several intermediate species including a dimeric titanium ben-
zyloxide [Ti(OBn),(HOBN)], with BnOH representing benzyl alco-
hol. While this compound formed rather early in the synthesis,
it was not recognized as the monomeric species for particle
formation, but reacted to [Ti;s0;51(OBn);,, which transformed
into anatase.l'”?

In spite of these findings about the complex nature of the
intermediates, simplified schemes are still useful to explain
many experimental observations and they provide valuable in-
sight into the chemical pathways during the transformation of
the precursors to the final nanoparticles.

4.1 Reaction between metal halides and oxygen donors
4.1.1 Reactions between metal halides and metal alkoxides

A broad variety and the low cost of metal halides represent
two obvious reasons for their widespread use as a precursor
for nanoparticle synthesis. The direct condensation between
metal halides (usually chlorides) and metal alkoxides with the
elimination of alkyl halide (Scheme 3a) provides a nonaqueous
route for the synthesis of metal oxide gels"?*'* and nanoparti-
cles."”'% The mechanism of condensation of metal chloride
and metal alkoxide involves the coordination of the oxygen of
the alkoxy group to the metal bearing chloro substituent, fol-
lowed by cleavage of the O—R bond with elimination of alkyl
halide and formation of M-O-M linkages (Scheme 3a). In 1999,
Colvin and co-workers reported the synthesis of crystalline tita-
nia nanoparticles based on alkyl halide elimination between
TiX, and Ti(OR), in the presence of trioctylphosphine oxide as
surfactant at 300 °C. Based on the fact that the reaction rate
dramatically increased with greater branching of R, with nearly
no influence from the nature of the halide, indicated that the
nucleophilic attack of the halide at the alkoxide carbon
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proceeded by an Sy1 mechanism."* Joo et al. reported the
synthesis of 4 nm sized ZrO, nanoparticles using a surfactant
assisted nonhydrolytic reaction between Zr(lV) isopropoxide
and ZrCl, at 340°C. The formation of isopropyl chloride and
propylene (the product of dehydrochlorination of isopropyl
chloride) as a byproduct of the reaction clearly confirmed the
alkyl halide elimination reaction pathway."?”’ Brus and co-work-
ers reported the nonhydrolytic synthesis of HfO, and HfZr, 0O,
nanocrystals via condensation of hafnium isopropoxide and
hafnium halides and cross condensation of Hf/Zr(OiPr), and Zr/
HfCl,, respectively.'?®

In addition to nanoparticles, the nonhydrolytic reaction be-
tween metal halides and metal alkoxides allows atomic layer
deposition (ALD) of metal oxide thin films.['*'3% Brej et al. con-
firmed the elimination of ethyl chloride between TiCl, and
Si(OEt), by mass spectrometry during the ALD growth of titani-
um silicate."*" Rahtu et al. found that the principle reaction re-
sponsible for the ALD of Zr,Ti,O, is the release of 2-chloropro-
pane between ZrCl, and titanium isopropoxide."*” Anderson
et al. alternatively reacted TiCl, and titanium tetraisopropoxide
on the surface and monitored the TiO, growth by in situ FTIR
spectroscopy and studied the byproducts by quadrupole mass
spectrometry. At temperatures between 125 and 225 °C, the re-
action of TiCl, with surface isopropoxide species resulted in
the formation of Ti-O bonds and 2-chloropropane via alkyl
halide elimination reaction. At temperatures between 250 and
300°C, the surface isopropoxide species were converted to hy-
droxyl species via the B-hydride elimination reaction. The au-
thors detected propene, which is produced by the B-hydride
elimination of the isopropoxide species."*

4.1.2 Reactions between metal halides and alcohols or ethers

The reactions between metal halides and alcohols are among
the most widely used methods for the nonaqueous synthesis
of metal oxide nanoparticles.”* An alternative route involves
the reaction between metal chlorides and organic
ethers.'1357137 |nterestingly, during the alcoholysis or the
etherolysis of metal halides, metal alkoxides are generated in
situ under elimination of HX"™® or an alkyl halide"
(Scheme 2). The condensation reaction of these metal alkox-
ides with unsolvolyzed metal halides under alkyl halide elimi-
nation leads then to a M-O-M framework (Scheme 3a). Another
possibility to form M-O-M bonds is the reaction between two
in situ formed metal alkoxides with the elimination of an ether
(Scheme 3¢). It is important to note that the HX generated
from the alcoholysis of metal halides can catalyze the conden-
sation between two alcohols to produce the ether and H,O
(see also Scheme 4, Equation (6))."*®

Based on IR and NMR analyses of the reaction byproducts,
Pokhrel et al. proposed the alkyl halide and ether elimination
mechanism for the formation of WO, nanomaterials from WClg
and benzyl alcohol using the bioligand deferoxamine mesylate
as structure-directing agent.* The partial exchange of chlo-
ride ions of WCl, by benzyl alcohol resulted in the formation of
a tungsten alkoxide and HCI. The condensation between WClg
and tungsten alkoxide yielded W-O-W bonds under elimination
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Scheme 4. Possible reactions in the TiCl,-benzyl alcohol system: (1) Ligand-
exchange reaction under HCl elimination, (2) Ti-O-Ti bond formation under
benzyl chloride elimination, (3) Ti-O-Ti bond formation under dibenzyl ether
elimination, (4) alcoholysis under benzyl chloride elimination, (5) condensa-
tion reaction between two titanium hydroxyl species, (6) condensation of
two benzyl alcohol molecules into dibenzyl ether, (7) hydrolysis and conden-
sation of TiCl, either by water or HCI elimination.

of benzyl chloride. Another way to W-O-W bonds involved the
condensation between two tungsten alkoxides via dibenzyl
ether elimination.

Tian etal. proposed a benzyl chloride and dibenzyl ether
elimination pathway for the nonaqueous synthesis of reduced
graphene oxide-BiOCl hybrid materials from BiCl; and benzyl
alcohol." Garnweitner et al. reported that alkyl halide and
ether elimination mechanisms proceeded concurrently during
the formation of TiO, nanoparticles in a benzyl alcohol-ethanol
system, following first-order kinetics. The addition of ethanol
to TiCl, instantly resulted in a ligand exchange reaction to
form TiCl,(OEt),, which then reacted with benzyl alcohol to
form TiO, under elimination of benzyl chloride and dibenzyl
ether.” The same group also investigated the reaction mecha-
nism of TiO, formation from TiCl, and a benzyl alcohol-ethanol
mixture in the presence of organic ligands and they did not
observe any pronounced effects of the added ligands on the
mechanisms and kinetics of the organic condensation reac-
tions."*
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Scheme 4 summarizes all the possible reactions in the
system TiCl,-benzyl alcohol. Equation (1) describes a ligand ex-
change reaction, where a benzyl alcohol molecule replaces
a chloride under HCl elimination. This intermediate chloro-
benzyl alcoholate complex can react either with an unsolvo-
lyzed precursor to a Ti-O-Ti bridge under benzyl chloride elimi-
nation (Equation (2)) or with a solvolyzed precursor under di-
benzyl ether elimination (Equation (3)). If the precursor reacts
with benzyl alcohol under benzyl chloride elimination, then
a hydroxyl species is formed (Equation (4)), which can undergo
regular water condensation (Equation (5)). Finally, condensa-
tion between two benzyl alcohol molecules (Equation (6)) rep-
resents another route to the in situ generation of water, which
can hydrolyze and condense the precursor (Equation (7)). This
Scheme shows, on the one hand, that even a simple system
just consisting of a halide precursor and an alcohol has many
possibilities to form a metal-oxygen-metal bond, and, on the
other hand, that it is not easy to distinguish between com-
pletely water-free processes and hydrolytic processes involving
in situ generated water.

Tertiary and benzylic alcohols, due to their ability to form
stable carbocations, prefer to eliminate alkyl halides, leading to
metal hydroxyl species by a so-called nonhydrolytic hydroxyl-
ation reaction (Scheme 1a), rather than forming metal alkox-
ides under elimination of hydrogen halides (Scheme 2a)."**'*
The reaction of primary and secondary alcohols with SiCl, gave
tetraalkoxysilanes, while the same reaction with tertiary and
benzylic alcohols yielded silica and the corresponding alkyl hal-
ides.’*! i and co-workers highlighted the synthesis of TiO,,
Fe,0; and ZnO from the corresponding metal chlorides and
benzyl alcohol from the perspective of a Sy1 reaction mecha-
nism.'*! The carbon-oxygen bond in benzyl alcohol was easily
broken, because the formation of a benzyl carbocation is fa-
vored due to the possibility to effectively distribute the charge
onto the benzyl group via p—m conjugation. The benzyl carbo-
cation then underwent nucleophilic substitution with chloride
ions to form benzyl chloride and a metal hydroxide, which fur-
ther reacted to the metal oxide. The authors also mentioned
an interesting side reaction at high temperatures, namely the
polymerization of benzyl alcohol in the presence of metal
chlorides. A similar polymerization reaction was also observed
during the synthesis of magnetite nanoparticles from iron chlo-
ride in benzyl alcohol."* The authors proposed an analogous
Su1 reaction pathway leading to the formation of Fe-OH spe-
cies and benzyl chloride, which underwent a polymerization re-
action with other benzyl alcohol or benzyl chloride molecules
via Friedel-Crafts reaction."*" The polymerization of benzyl al-
cohol will be discussed in more details in Section 4.2.1.

Li and co-workers reported an E1 reaction induced synthesis
of TiO,, FeOOH, Fe,0; and SnO, nanostructures by reacting the
respective metal chloride precursors with tert-amyl alcohol.
Also here, the high stability of tertiary carbocations and the
strong interaction of Lewis acidic metal chlorides with hydroxyl
groups resulted in the easy dissociation of the carbon-oxygen
bond in tert-amyl alcohol. The intermediate carbocation elimi-
nated a proton and became an alkene following the E1 reac-
tion mechanism. However, sometimes a Sy1 reaction can also
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occur due to nucleophilic substitution of chloride ions for hy-
droxyl groups.™*?

Zhu et al. developed a nonhydrolytic approach to anatase
TiO, nanocrystals with dominant {001} facets by solvothermal
reaction of TiF, in tert-butanol. The proposed mechanism is
based on the alcoholysis of TiF, followed by alkyl halide elimi-
nation via formation of a stable carbocation. The elimination of
tert-butyl fluoride was confirmed by 'F-NMR analysis. The au-
thors also demonstrated that by using different alcohols or by
changing the ratio between two alcohols, both the percentage
of exposed {001} facets and the particle size could be adjust-
ed.™ A microwave assisted reaction between TiCl, and poly-
ethylene glycol was reported for the synthesis of surface-stabi-
lized titanium dioxide nanoparticles. High-performance liquid
chromatography-mass spectrometry and FTIR analysis pointed
to both an alkyl halide elimination via Sy1 and alcoholysis with
elimination of HCl via 5,2."*" Olliges-Stadler et al. studied the
organic and inorganic species involved in the formation of
tungstite nanoparticles from WCl; and benzyl alcohol by time-
dependent gas chromatography, X-ray diffraction as well as by
time-resolved in situ X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS).'"® The formation of benzyl chloride and dibenzyl
ether at a very early stage of the reaction indicated two
ligand-exchange reactions. The rapid increase in concentration
of benzyl chloride was a result of the direct substitution of
chlorine with hydroxyl groups, while the generation of diben-
zyl ether stemmed from the substitution of chloride by
a benzyl alcoholate group, followed by dibenzyl ether elimina-
tion. EXAFS analysis revealed WCl, and WOCI, as intermediates.
Obviously, addition of WCl; to benzyl alcohol led to fast chlo-
ride substitution and partial reduction, followed by the forma-
tion of intermediates with W=0O double bonds and finally by
the growth of the W-O-W network of the tungstite structure.
Ohayon and Gedanken used ultrasonic irradiation for the syn-
thesis of crystalline TiO,, WO; and V,05 nanostructures via the
reaction of the respective transition metal chlorides with
benzyl alcohol. The elimination of benzyl chloride was con-
firmed by NMR analysis of the final reaction solution. The for-
mation mechanism involved both, a hydroxylation process
with an alkyl halide elimination, and a ligand exchange reac-
tion with the elimination of hydrogen halide."*

4.2. Reactions between metal alkoxides and alcohols
4.2.1 Ether elimination

Ether elimination between metal alkoxides leads to the forma-
tion of M-O-M bonds as shown in Scheme 3c. In 1956, Bradley
et al. discovered the reaction of ether elimination during their
investigations on the transformation of metal alkoxides into
oxoalkoxides."** 'Y Turova et al. reported the release of diethyl
ether from an alcohol solution containing MoO(OEt), in the
presence of pronouncedly basic lithium and sodium ethoxides,
resulting in the precipitation of Li,MoQ, and Na,Mo00O,."*? Kess-
ler etal. found that the molybdenum alkoxides MoO(OCH,),
and MoO(OCH,CHs), reacted rapidly with aldehydes and ke-
tones, transforming the former into colloidal oxidic
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compounds and the latter into acetals and ketals, respective-
ly.'*3 Pazik et al. reported the nonhydrolytic sol-gel synthesis
of crystalline BaTiO; nanoparticles by means of an ether elimi-
nation reaction.” Inoue and co-workers synthesized micro-
crystalline tetragonal zirconia by thermal treatment of zirconi-
um n-propoxide in glycol at 300°C. In a first step, 1,4-butane-
diol binds to the zirconium center, forming a zirconium glyco-
xide intermediate, which in a second step undergoes an intra-
molecular condensation reaction to eliminate tetrahydrofuran,
a cyclic ether.™

In recent years, the reaction between metal alkoxides and al-
cohols involving ether elimination has been widely applied for
the nonhydrolytic synthesis of crystalline metal oxide nanopar-
ticles. Benzyl alcohol favors the ether elimination reaction
during solvothermal treatment with early transition metal alk-
oxides.®¢1>¢137 pinna et al. reported an ether elimination reac-
tion during the solvothermal synthesis of HfO, nanoparticles
from hafnium(lV) ethoxide and benzyl alcohol (Scheme 5 a).®%

f(o OH200°C, 6 o = CgHsCH, or CH,C
a) Hf(OEt), + £ %5 Hfo, + 2R-O-R R = CgHsCH, or CH,CH,

RQ i L
RO—I—‘f—O—R + RO*}-tf*OR4>7|-}f*O—}-?f—+ ROR
RO RO
b) HfCl,+ BhOH T——= HfCl,, (OBn),+ HCI ™)
2HfX,(OBn) ~——> HfX5—O—HfX; + BnOBn ()
28n0H €1, BhoBN + H,0 @)
] OH 160 °C
C) W(OiPr)s + > W, O + R-OR R = CgH4CH, or (CH,),CH
RQ OR RQ OR RQ ORRO OR

>l

/ /
RO— \—O—R + RO—W—OR —— RO—\W—O—W—OR + ROR

/
RO OR RO OR RO OR RO OR

Scheme 5. a) Formation of HfO, nanoparticles from hafnium ethoxide and
benzyl alcohol via ether elimination. b) Proposed mechanisms for Hf-O-Hf
bond formation via ether elimination (ligands not participating in the reac-
tion are represented by X, BnOH =benzyl alcohol). c) Formation of tungsten
oxide nanostructures from tungsten isopropoxide and benzyl alcohol via
ether elimination.

A two-step mechanism was proposed based on the NMR anal-
ysis of the final reaction mixture, which showed the presence
of organic ethers. In a first step, the addition of hafnium(IV)
ethoxide to benzyl alcohol resulted in a partial exchange of
the ethoxide ligand against benzyl alcohol. In the next step,
Hf-O-Hf bonds were formed via condensation of the alkoxides
under elimination of organic ethers, mainly dibenzyl ether.
Driessche and co-workers proposed a similar dibenzyl ether
elimination mechanism for the microwave assisted synthesis of
cubic ZrO, nanocrystals from Zr(OiPr), and benzyl alcohol,
based on GC-MS analysis."'”’ Ether elimination remained the
main reaction pathway even if the synthesis was performed in
a 1.5 L batch reactor."*® Zimmermann and Garnweitner studied
the formation of anatase nanoparticles by the reaction of tita-
nium(lV) isopropoxide in benzyl alcohol following an ether
elimination pathway. Besides the ether elimination byproducts
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spontaneous water release due to catalytic condensation of
benzyl alcohol to dibenzyl ether at the Ti center led to an in-
crease of pressure in the reaction system causing instant nucle-
ation and fast growth of the crystalline anatase nanoparti-
cles.™ According to 'H NMR data, an analogous ether elimina-
tion reaction was also found for the formation of anatase TiO,
nanoparticles prepared from the reaction of titanium isoprop-
oxide with benzyl alcohol on the surface of carbon nanomate-
rials using microwave heating."*® The solvothermal reaction
between titanium(lV) tert-butoxide and benzyl alcohol led to
the elimination of di-tert-butyl ether and benzyl ether."*”

An interesting observation was made during the synthesis
of tungsten oxide nanowires from tungsten isopropoxide in
benzyl alcohol. While the first step followed the common ether
elimination mechanism (Scheme 5¢), in a next step the formed
tungsten oxide nanowires catalyzed the polymerization of
benzyl alcohol into polyphenylene methylene (Figure 5a)

W60,
OH - ﬁiég o - H0 { R
a) —— — |
/

b)

Figure 5. a) Tungsten oxide catalyzed formation of polyphenylene methyl-
ene from benzyl alcohol and dibenzyl ether. b) Photograph of a tungsten
oxide nanowire-poly(phenylene methylene) monolith.

under their incorporation into the polymer, forming an inor-
ganic-organic hybrid monolith (Figure 5b).”” A similar poly-
merization reaction was also observed in the WCl,—benzyl alco-
hol"®'"'%2 and in the FeCl,-benzyl alcohol system.'*¥ Interest-
ingly, it was found that the resulting polymer polyphenylene
methylene exhibits pronounced blue fluorescence in spite of
the fact that the methylene group prevents full conjuga-
tion."® The explanation for this effect lies in the overlap of p-
orbitals across repeat units, in the so-called homoconjuga-
tion.l"s

Ether elimination reactions were also observed starting from
metal chlorides as precursors and benzyl alcohol via in situ for-
mation of the metal alkoxide species (Scheme 2a). De Roo
et al. investigated the reaction mechanism between HfCl, and
benzyl alcohol in both the autoclave and in the microwave re-
actor using GC-MS and NMR analyses."® The proposed forma-
tion mechanism involved a two-step process (Scheme 5b). In
the first step, a ligand exchange took place, where the chloride
was partly replaced by benzyl alcoholate (Scheme 5b, (1)). In
the second step, the oxygen was transferred to the metal
center via elimination of dibenzyl ether (Scheme 5b, (2)). The
HCI produced during the ligand exchange reaction (1) acted as
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a catalyst for the condensation of benzyl alcohol into dibenzyl
ether and H,0O (Scheme 5b, (3), and also Scheme 4 (6)), which
explained the formation of dibenzyl ether in extensive stoichio-
metric excess. It is interesting to note that the microwave-as-
sisted synthesis produced smaller and monodisperse HfO,
nanoparticles in shorter reaction times compared to the auto-
clave synthesis, while the basic reaction mechanism remained
the same. A similar dibenzyl ether elimination mechanism was
proposed for the synthesis of monoclinic ZrO, nanocrystals
from ZrCl, in benzyl alcohol."” Change of the precursor from
ZrCl, to Zr(OiPr), altered the crystal phase from monoclinic to
cubic zirconia. Based on the GC-MS analysis, the authors found
that the change in crystal structure originated from a different
reaction mechanism induced by the release of HCl during syn-
thesis.""” Wang et al. reported the synthesis of single crystal-
line TiOF, nanocubes with a mesoporous structure using
benzyl alcohol as solvent. During the reaction, alcoholysis of
TiF, resulted in the formation of (RO),TiF, , and HF. The release
of HF as a strong acid during the reaction catalyzed the con-
densation between two benzyl alcohols to benzyl ether and
H,O. The growing concentration of H,0O with the reaction time
resulted in the hydrolysis of (RO),TiF,_, and formation of TiOF,
nanocrystals, which finally transformed into anatase TiO,."*®

4.2.2 C—C bond formation

Under alkaline reaction conditions or in the presence of Lewis
acidic species, the reaction between metal alkoxides and alco-
hols undergoes a Guerbet-type C—C coupling rather than an
ether elimination. Such a C—C bond formation was observed
between benzyl alcohol and the isopropoxy ligand during the
synthesis of BaTiO; (Scheme 6a) and SrTiO; nanoparticles from
the reaction between the respective alkaline earth metals,
Ti(OiPr), and benzyl alcohol.®” Benzyl alcoholate, which is pro-
duced from the reaction between metallic barium and benzyl
alcohol (Scheme 6b), plays the role of the base during the re-
action (Scheme 6¢). The deprotonation of the -carbon of the
isopropoxy ligand by benzyl alcoholate changes the reaction
path towards C—C bond formation. The nucleophilic attack of
a p-carbon atom (carbanion) of the isopropoxide onto the
benzyl group, which is activated by an interaction of the OH
group of the alcohol with titanium, leads to the formation of
a titanium complex with a coordinated 4-phenyl-2-butoxide
and an OH group. The Ti-OH group promotes further conden-
sation under release of the alcohol and formation of metal-
oxygen-metal bridges. Although not much information about
the crystallization pathway of BaTiO, is known, it is clear that
such a molecular scheme is greatly simplified and that it does
not consider the interaction between the Ti and Ba species.
Ten Elshof et al. studied the formation mechanism of BaTiO,
nanoparticles in benzyl alcohol in more details, however using
barium hydroxide octahydrate as barium source, which renders
the process hydrolytic."* Nevertheless, they made some ob-
servations that might be interesting for nonhydrolytic process-
es, too. When reacting Ti(OiPr), with benzyl alcohol they found
that at room temperature three and at elevated temperature
all four isopropoxide ligands were replaced by benzyl alcohol.
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Scheme 6. Proposed reaction mechanism for the formation of BaTiO; nano-
particles in the reaction system Ba-Ti(OiPr),-benzyl alcohol: (a) Overall reac-
tion equation, (b) reaction of metallic barium with benzyl alcohol, and

(c) formation of a Ti-O-Ti bridge and 4-phenyl-2-butanol via C—C bond for-
mation between benzyl alcohol and isopropoxy ligand. Scheme (c) repro-
duced from ref. [1].

This is an important observation, because the benzyl alcohol-
ate complex has a different reactivity than the initial titanium
isopropoxide. Furthermore, the authors indeed found a strong
interaction between the titanium alkoxide and the barium salt,
and the third result was that all BaTiO; nanoparticles, even
under different reaction conditions, had approximately the
same crystal size of about 7-9 nm. This effect was explained
by the highly growth limiting effect of benzyl alcohol, which
acted as a capping layer. The reason was the packing density
of benzyl alcohol molecules on the surface of the nanoparti-
cles, which depended on the curvature and thus on the size.
The packing density of benzyl alcohol was proposed to be
lower on small crystals, promoting further growth, while at
a crystal size of 7-9 nm the packing density was so high that
growth by monomer attachment was heavily restricted."®

In comparison to most of the metal oxide nanoparticles pro-
duced by the benzyl alcohol route, the rare earth oxides
behave somewhat peculiar. Instead of forming discrete inor-
ganic nanoparticles, they grow into highly ordered lamellar or-
ganic-inorganic nanohybrids with organic species intercalated
in between the crystalline metal oxide layers.*® The source of
the organic component can be twofold: Either it is already
present in the initial reaction solution or it is formed in situ
during the reaction course. In either case, the organic species
through its coordination properties strongly influences the
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growth behavior of the inorganic phase, favoring anisotropic
crystal morphologies.

The synthesis of yttria nanohybrids is one of those examples,
where the organic component was formed in situ.”® The reac-
tion between Y(OiPr); and benzyl alcohol followed a C—C cou-
pling mechanism driven by the Lewis acidity of the yttrium
ion."® NMR analysis revealed the presence of 4-phenyl-2-buta-
nol, indicating a similar mechanism like for BaTiO;. However, in
the case of yttria, the deprotonation of the isopropoxy ligand
could not be due to the alkaline conditions. Instead, the high
Lewis acidity of the yttrium ions enhanced the attraction of
electrons, favoring deprotonation of the -CH; group of the iso-
propoxy ligand. The carbanion, stabilized by an agostic bond
to the yttrium center, then reacted with the benzyl fragment
through the formation of 4-phenyl-2-butoxide and a metal-
bound hydroxyl group. Further condensation led to Y-O-Y
bond formation under the release of 4-phenyl-2-butanol. In ad-
dition to the C—C coupling reaction, the authors also observed
two hydride-transfer reactions, which had a tremendous effect
on the structure. Catalyzed by yttria, benzyl alcohol was trans-
formed into benzoic acid and toluene. The benzoate molecules
coordinated to the yttrium oxide surface, blocking further at-
tachment of monomers, and this geometrical restriction of the
crystal growth finally resulted in the formation of a lamellar or-
ganic-inorganic nanohybrid."

4.3 Reactions between metal alkoxides and amines

Benzyl alcohol is an extremely versatile oxygen source for the
formation of metal oxide nanoparticles. Similarly, benzyl mer-
captan and other mercaptans have successfully been used as
sulfur donor for the synthesis of various metal sulfides.”*'%%!
Accordingly, one could assume that benzylamine might be
able to act as nitrogen donor for the formation of metal ni-
trides. Unfortunately, most of the reactions in benzylamine still
result in metal oxide nanoparticles”®” with the only exception
being copper nitride.*?

The reaction between titanium isopropoxide and benzyla-
mine gave access to anatase nanoplatelets, stacked together in
a lamellar fashion with a small organic layer in between."s®
Based on GC-MS analyses the condensation between two
benzyl amine molecules represented the main reaction during
solvothermal processing and led to the formation of dibenzyla-
mine and ammonia. However, the ammonia obviously failed to
induce bridging between the metal centers, and thus the ther-
modynamically more stable oxide formed rather than the ni-
tride. As oxygen source for Ti-O-Ti bond formation, elimination
of propene from the isopropoxy ligand was proposed, produc-
ing a Ti-OH species, which then can undergo further condensa-
tion.'6®

In contrast to titanium isopropoxide, the reaction between
the copper alkoxide Cu(OCH,), and benzylamine indeed led to
the formation of copper nitride rather than copper oxide."?
GC-MS data indicated that initially a benzylamine molecule re-
acted with two Cu(OCH,), to yield methanol, CuUOCH; and ben-
zenemethanimine (Scheme 7, Equation (1)). The high Lewis ba-
sicity of benzylamine effectively solvated the Cu" ions and the
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high oxidation efficiency of Cu" ions was responsible for oxida-
tion of benzylamine to benzenemethanimine. The benzeneme-
thanimine reacted further with benzylamine to form N-benzyli-
denebenzylamine and ammonia (Scheme 7, Equation (2)), and
the ammonia together with CuOCH; immediately transformed
into Cu;N and methanol (Scheme 7, Equation (4)). The strong
basicity of the methoxide ions is the driving force for the nitri-
dation reaction. The oxidation of benzenemethanimine to ben-
zonitrile by Cu(OCH,), led to the formation of trace amounts of
benzonitrile and again CuOCH; (Scheme 7, Equation (3)).

X
@AN”Z + 2CuOMe); — > @AN“ + 2CuOMe + 2MeOH Eq. 1
x P
©ANH . ©ANH2 . ©/\N/\© v N Eq.2
N
SNH Z
+ 2Cu(OMe), —> + 2CuOMe + 2MeOH Eq.3

3CuOMe + NHz — CugN + 3MeOH Eq. 4

Scheme 7. Proposed reaction mechanism for the main processes involved in
the formation of Cu;N nanoparticles (Me =CH;). Reprinted with permission
from ref. [42]. Copyright (2015) American Chemical Society.

4.4 Reaction between metal acetylacetonates and alcohols

Metal acetylacetonates are viable alternatives to metal halide
or alkoxide precursors due to their stability and better availa-
bility. The solvothermal reaction between metal acetylaceto-
nates and benzyl alcohol allows the preparation of nanocrystal-
line Fe;0," ZnO,'" as well as metallic copper nanoparti-
cles.” In comparison to BaTiO; and yttria, the organic byprod-
uct is not 4-phenyl-2-butanol, but 4-phenyl-2-butanone. The
detailed mechanism has already been reported.™ The presence
of 4-phenyl-3-buten-2-one in the final reaction solution as an
oxidation product of 4-phenyl-2-butanone indicated that 4-
phenyl-2-butanone was able to partly reduce Fe" to Fe", which
was required for the formation of Fe;0,. In this context it is in-
teresting to refer to a study of Fontanesi et al., who rational-
ized this mechanism from a theoretical point of view by Densi-
ty Functional Theory."”"

Cleavage of the acetylacetonate ligand also occurred in the
case of ZnO nanoparticle formation. The reaction between zinc
acetylacetonate hydrate and various alcohols including 1,4-bu-
tanediol,'”? 1-butanol, isobutanol,"”® and benzyl alcohol™””
was found to proceed through the formation of a zinc enolate
complex as an intermediate during alcoholysis of acetylaceto-
nate. Orel and co-workers reported the synthesis and the un-
derlying reaction mechanism of ZnO nanoparticle formation
upon refluxing an oversaturated solution of zinc acetylaceto-
nate hydrate in 1-butanol and isobutanol."’® The authors pro-
posed a mechanism for Zn-O-Zn bond formation based on 'H
and C NMR analysis of the final reaction solution after precipi-
tation of the ZnO (Scheme 8a). The alcohol molecule nucleo-
philically attacked the electron deficient carbonyl carbon of
the acetylacetonate ligand (1), which was activated by the
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Scheme 8. Proposed mechanism of Zn-O-Zn bond formation from zinc ace-
tylacetonate hydrate and (a) 1-butanol or isobutanol and (b-c) benzyl alco-
hol. Scheme (a) reproduced from ref. [173] with permission of Elsevier.
Scheme (b) and (c) reproduced from ref. [34].

electropositive zinc precursor center. The cleavage of the C—C
bond led to butyl acetate and isobutyl acetate (2), respectively,
and an enolate ligand. The next step proceeded via the nucle-
ophilic attack of the water molecule, present in the hydrated
precursor, on the zinc center. The proton transfer from the
water molecule to the enolate ligand resulted in the elimina-
tion of acetone (3) and formation of Zn-OH species, which fi-
nally underwent condensation to Zn—O—Zn. Ludi etal. pro-
posed a similar mechanism for the formation of fan- and bou-
quet-like ZnO nanostructures from zinc acetylacetonate hy-
drate in benzyl alcohol based on the GC-MS analysis of the re-
action solution (Scheme 8b,c)."”” Damm et al. proposed an
analogues C—C cleavage mechanism with the elimination of
acetone and ester for the formation of Al-doped ZnO nanopar-
ticles by the thermal decomposition of the metal acetylaceto-
nates with 1,2-hexadecanediol. In addition to acetone, thermal
decomposition products of ester such as acetic acid, a mixture
of alkanes and alkenes, carbon dioxide and water were detect-
ed using headspace GC analysis during the synthesis of ZnO:Al
nanoparticles.'”4

Zhang et al. developed a nonaqueous route for the synthesis
of phase-pure transition metal niobates (InNbO,, MnNb,QOq,
and YNbO,) based on the solvothermal reaction of niobium
chloride and the corresponding transition metal acetylaceto-
nates in benzyl alcohol."”” The chemical mechanisms responsi-
ble for the oxygen supply were based on three almost simulta-
neously occurring processes as shown in Scheme 9: a) A metal
promoted alcoholysis of the acetylacetonate ligand leading to
the formation of an enolate and benzyl acetate, b) release of
acetone through the coordination of benzyl alcohol to the
metal center, and c) benzyl ether elimination catalyzed by the
niobium center. The ether elimination occurred only in the
presence of NbCls, which was hydrolyzed by the formed water.

Tyagi and co-workers achieved the synthesis of 4-8 nm SnO,
nanocrystals via reaction between Sn(acac),Cl, and benzyl alco-
hol at 200°C.""® Based on NMR and GC-MS analyses, the pro-
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Scheme 9. Main reaction pathway for the formation of the hydroxy species
upon reaction of In(acac); with benzyl alcohol. Scheme reproduced from
ref. [175].

posed mechanism involved ether elimination as main pathway
accompanied by alcoholysis of acetylacetonate ligand bound
to the metal center. Initially, partial exchange of the chloride li-
gands at the precursor by benzyl alcohol resulted in the forma-
tion of tin alkoxides and HCI (cf. Scheme 2a). The condensation
between two tin alkoxides led to Sn-O-Sn bonds with elimina-
tion of dibenzyl ether (cf. Scheme 3c). The HCl formed during
the exchange reaction catalyzed the alcoholysis of the acetyla-
cetonate ligand by benzyl alcohol to form benzyl acetate and
acetone.

Staniuk et al. studied the reaction between Cu(ll) acetylacet-
onate and benzyl alcohol for the synthesis of copper nanopar-
ticles.”” In situ FTIR, UV/Vis and in situ XAS studies indicated
that the nucleation of Cu,0 co-occurred with the formation of
benzyl acetate through the reaction of acetylacetonate with
benzyl alcohol and formation of benzaldehyde through the ox-
idation of benzyl alcohol with concurrent reduction of Cu** to
Cu™. The Cu,0 nanoparticles transformed by solid-state reduc-
tion to metallic copper, which was accompanied by oxidation
of benzyl alcohol to benzaldehyde.

4.5 Reaction between metal acetylacetonates and amines

The reaction between metal acetylacetonates and amines pro-
vides an effective pathway for the synthesis of various metal
oxide nanoparticles."®”'"77""® The solvothermal reaction be-
tween metal acetylacetonates and benzylamine, for example,
offers a general nonaqueous pathway for the synthesis of
metal oxide nanoparticle including iron, indium, gallium and
zinc oxide."®” By analyzing the reaction byproducts using GC-
MS, the authors proposed a chemical formation mechanism in-
volving nucleophilic attack of benzylamine on one of the car-
bonyl groups of the acetylacetonate, leading to the cleavage
of the C—C bond and formation of N-benzyl acetamide and an
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enolate ligand coordinated to the metal center. In this case,
the enolate ligand functioned as an electrophile, which is in
contrast to the reaction of iron(lll) acetylactonate with benzyl
alcohol, where the enolate ligand acted as the nucleophile. A
nucleophilic attack of benzylamine on the electrophilic carbon
of the enolate led to the formation of an imine and Fe—OH,
which further condensed to form Fe-O-Fe bonds and finally to
the crystalline network of the oxidic nanoparticles. A more de-
tailed discussion and a reaction Scheme of this reaction mech-
anism can be found somewhere else."3%¢”

Recently, Karmaoui et al. proposed a very similar reaction
mechanism for the synthesis of In,0; nanoparticles using
indium(lll) acetylacetonate and n-butylamine under solvother-
mal conditions."”® The mechanism proceeded analogously
through the formation of an indium enolate and N-butylaceta-
mide. In the next step, the indium enolate ligand underwent
nucleophilic attack from another amine, resulting in In-OH and
N-butylpropan-2-imine. Finally, the nucleophilic attack of the
hydroxyl group of In-OH onto the indium site in indium acety-
lacetonate led to the formation of In-O-In bonds under elimi-
nation of acetylacetone, which condensed with another amine
to produce 4-(butylamino)pent-3-en-2-one.

4.6 Ester and amide eliminations

Ester elimination reactions (cf. Scheme 3b), where an ester is
produced as an organic byproduct during the formation of
metal oxides, are frequently used for the synthesis of metal
oxide nanocrystals. Different combinations of precursors and
solvents lead to the elimination of an ester with the formation
of M-O-M bonds, including the reaction between metal alkox-
ides and metal carboxylates, "> '®3) metal alkoxides and carbox-
ylic acids,™® metal alkoxides and organic acid anhydrides,"®
and metal acetates and alcohols."® In some reactions, howev-
er, the ester elimination is a result of the reaction between
a solvent mixture of alcohol and carboxylic acid (which has, by
the way, a long history,"®” but is still nowadays used"®), lead-
ing to the in situ formation of water that reacts with metal alk-
oxides or metal halides, producing metal oxide nanoparticles.
In these cases, although the formation of the metal oxide is ex-
pected to be based mainly on hydrolytic processes, nonhydro-
lytic pathways cannot be excluded.['8”8:1%0]

The nonhydrolytic reaction between metal alkoxides and
metal carboxylates, leading to the formation of metal oxo
bridges with concurrent elimination of an organic ester (cf.
Scheme 3b) was reported for the preparation of several metal
oxo clusters™" as well as metal oxides."®'" Analogously,
amide elimination was observed by reacting metal acetates
with metal amides. Mathur and co-workers used an acetamide
elimination reaction between silicon acetate, Si(OAc),, and tita-
nium (IV) dimethylamide or diethylamide, Ti(NR,), (R=Me, Et),
for the synthesis of titanosilicate xerogels."®? They compared
the xerogels prepared by acetamide elimination reactions with
the xerogels prepared by ester elimination from Si(OAc), and
titanium(lV) isopropoxide and found a significantly higher con-
tent of the Si-O-Ti bonds in xerogels obtained through amide
eliminations. This effect was due to the suppression of the
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ligand exchange and homocondensation reaction at silicon
and at titanium in the acetamide elimination route.

The reaction of metal alkoxides with carboxylic acids offers
another route for the synthesis of metal oxides through ester
elimination reactions (Scheme 10)."%7'%! However, this route is
not strictly nonhydrolytic, because the reaction of alcohols
(produced by ligand exchange of alkoxy by carboxylate groups
(Equation (1))) with carboxylic acids can lead to in situ genera-
tion of water (Equation (3)).

M(OR), + RCOOH —> M(OR), ,(OCOR") + ROH Eq.1
M(OR), ,(OCOR') + ROH — M(OR), ,(OH) + R'COOR Eq.2
R'COOH + ROH —>»R'COOR +H,0 Eq.3

Scheme 10. Overview of the reactions occurring between metal alkoxides
and acids: Ligand exchange reactions between alkoxides and carboxylic
acids (Equation (1)), esterification of the coordinated acid (Equation (2)), and
water formation upon esterification of the free acid (Equation (3)).

The reaction between alkoxy silanes and acetic acid leads to
the formation of silica esters (CH;COOSi-) via the exchange re-
action of the acetic acid with the alkoxy group, and the reac-
tion between this silica ester and ethanol yields Si-OH groups
and ethylacetate CH,COOC,Hs.""" The esterification reac-
tions between titanium alkoxides and carboxylic acids allows
the synthesis of titanium oxo-isopropoxo clusters"® as well as
titania nanoparticles or nanorods.®1%3199-204 | ong chain car-
boxylic acids like oleic acid not only act as reactant for esterifi-
cation, but also as capping and structure directing agent.'#>2*
Esterification reactions were also applied for atomic layer dep-
osition (ALD) of titania from titanium isopropoxide and acetic
acid.”® In situ FTIR and ex situ X-ray photoelectron spectrosco-
py investigations confirmed the formation of surface acetate
species via ligand exchange of the alkoxy group by carboxy-
lates (with the elimination of the corresponding alcohol)
during the acetic acid pulse, followed by the elimination of
ester, and formation of Ti-O-Ti bonds during the titanium iso-
propoxide pulse. This reaction pathway agreed with the mech-
anism already suggested by Pinna and co-workers before.?*"

The reaction of metal alkoxides with organic acid anhydrides
offers another completely nonhydrolytic route to metal oxide
nanoparticles. The reaction pathway involves the in situ gener-
ation of carboxylates with the elimination of an ester, which
can then undergo condensation reaction with an alkoxy group
(cf. Scheme 3b) to form M-O-M bonds.

Pande and Mehrotra found that the reaction between titani-
um isopropoxide and acetic anhydride yielded Ti-O-Ti bonds
with the elimination of isopropylacetate.® This nonhydrolytic
anhydride route has later been used for the synthesis of
silica® and titania.’?°®2”

In addition to metal alkoxides and metal carboxylates, and
metal alkoxides and acids/acid anhydrides, the reaction of
metal carboxylates and alcohols represents the third possibility
to synthesize metal oxide nanoparticles by ester elimina-
tion.”* Metal carboxylates are readily available precursors and
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easier to handle than the moisture sensitive, and often also
very expensive metal alkoxides.

The esterification of the zinc carboxylates, in particular zinc
acetate, with alcohols has been widely studied for the synthe-
sis of ZnO as well as doped ZnO nanoparticles with different
morphologies, high doping levels and with a broad range of
properties.”*' Bilecka et al. presented a detailed study of ki-
netic and thermodynamic aspects involved in the microwave-
assisted synthesis of ZnO nanoparticles from zinc acetate and
benzyl alcohol."® An ester elimination pathway was proposed
for the formation of ZnO after GC-MS analysis of the reaction
solution (Scheme 11). The formation of benzylacetate and Zn-

Zn PR
o%/o HY ©\/@) 3’
/
H
+Ht
0
Zn0  (—— Zn/ + o
OH

Scheme 11. Reaction of zinc acetate with benzyl alcohol under elimination
of benzyl acetate and formation of Zn-OH, which further reacts to ZnO.
Adapted with permission from ref. [186]. Copyright (2009) American Chemi-
cal Society.

OH was found to be the key step, as the nucleation of the ZnO
clusters only occurred, when the Zn-OH concentration reached
supersaturation. The growth of the ZnO nanoparticles followed
the Lifshitz-Slyozov-Wagner model for coarsening, pointing to
a diffusion-limited process.

Hutchison and co-workers developed an esterification path-
way for the synthesis of monodispersed In,O;, indium tin oxide
(ITO), y-Fe,05, Mn;0,, CoO, and ZnO nanocrystals using the
corresponding metal acetates as precursors, oleyl alcohol as
a solvent and oleic acid as a ligand and shape control re-
agent.”" Gaspera et al. reported the ester elimination reaction
for the synthesis of ZnO nanocrystals doped with Al, Ga or In
by using zinc stearate, the corresponding metal acetylaceto-
nate as precursor for the dopant, oleic acid and 1-dodecanol
as ligand and activating agent, respectively.?'” The ligation of
the oleic acid at the nanocrystal surface helped to define the
crystal shapes®® and rendered the as-synthesized nanocrystals
dispersible in organic solvents.?'

Analogous to ester elimination is the amide elimination, in-
volving aminolysis of metal carboxylates.”'® Amines (benzyla-
mine or long chain primary amines) act as reactants and cap-
ping agents for the shape controlled synthesis of metal oxide
nanostructures.”’’2'¥ The synthesis of facet controlled ZnO
nanocrystals was achieved through the reaction of zinc acetate
and benzylamine.”” After coordination of benzylamine to
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Zn", forming a Zn(acetate),-benzylamine complex, aminolysis
between benzylamine and the acetate group occurred to form
zinc hydroxide and N-benzylacetamide. Finally, zinc hydroxide
was transformed into ZnO through dehydration.

In this section we discussed ester and amide elimination
from metal alkoxides and metal carboxylates. However, also
metal acetylacetonates are able to undergo ester and amide
elimination, as discussed in Section 4.4 and 4.5, however, in
these cases involving C—C bond cleavage of the acetylaceto-
nate ligands. Furthermore, ester and especially amide elimina-
tion might play an important role in reaction mixtures contain-
ing long-chain carboxylates and amines as stabilizing surfac-
tants. In such cases, it is often forgotten that surfactants can
react with each other, heavily influencing the chemical envi-
ronment and thus nanoparticle formation.

4.7 Reactions of different precursors with ketones and
aldehydes

In addition to alcohols and amines, carbonyl compounds such
as ketones or aldehydes are also suitable solvents for the non-
aqueous synthesis of metal oxide nanoparticles.® 722" Differ-
ent precursors (usually metal alkoxides) react with ketones and
aldehydes via an aldol condensation mechanism, catalyzed
either by the Lewis acid or the basic character of the precursor,
supplying oxygen to the growing metal oxide clusters or nano-
particles under formation of o,f3-unsaturated carbonyl com-
pounds (Scheme 1c).

Sanchez and co-workers synthesized titanium-oxo clusters
through the reaction of Ti(OiPr), with ketones such as acetone,
acetylacetone and diacetone alcohol at room temperature.???
They proposed a reaction pathway as shown in Scheme 12
based on NMR analysis of the organic condensation products
detected in the acetone system. In a first step, due to the
Lewis acid properties of titanium isopropoxide, a Lewis adduct
was formed between the carbonyl group of acetone and a tita-
nium center (1). This adduct upon deprotonation led to a titani-
um-enolate complex (a) with concurrent formation of isopropa-
nol. In a next step, the enolate ligand nucleophilically attacked
another acetone species (2), forming a titanium diacetone alco-
holate (b), which can either lead to hydroxylation of the titani-
um center and formation of mesityl oxide (3'), or undergo fur-
ther condensation reaction with a third acetone molecule (3).
In the latter process, the complex b’ is transformed into the tri-
dentate ligand c'.

Goel et al. proposed an analogous mechanism for the reac-
tion between Zn[OC(CH,CH,);], and acetone at room tempera-
ture. However, in this case the aldol condensation reaction was
catalyzed by the basic nature of the Zn-containing precursor.
The reaction proceeded through the deprotonation of acetone,
leading to a zinc enolate complex. In a next step, the enolate
ligand nucleophilically attacked another acetone species via
aldol condensation, ultimately liberating Zn-OH and mesityl
oxide as condensation product.”*? Garnweitner et al. reported
the synthesis of crystalline anatase nanoparticles via the solvo-
thermal reaction between Ti(OiPr), and simple ketones and al-
dehydes. For the reaction of Ti(OiPr), with acetone at 130°C,
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Scheme 12. Proposed mechanism for the aldol condensation reactions be-
tween Ti(OiPr), and acetone leading to titanium-oxo clusters. Reproduced
from ref. [222] with permission from the Centre National de la Recherche Sci-
entifique (CNRS) and The Royal Society of Chemistry.

the authors found that in addition to isopropyl alcohol and
mesityl oxide, higher condensation products of acetone such
as mesitylene and phorone were also produced during the re-
action.”” Using "C NMR analysis, Liu et al. identified several
aldol condensation products of acetone (mesityl oxide, phor-
one and mesitylene) in the solution after the solvothermal syn-
thesis of high surface area mesoporous TiO, microspheres
through the reaction of titanium isopropoxide with acetone at
200°C.>»)

As a side reaction, especially in the case of higher aliphatic
ketones like 2-butanone and 3-pentanone, titanium isopropox-
ide can undergo a Meerwein—-Ponndorf-Verley (MPV) like reac-
tion, where the isopropoxide ligand is oxidized to acetone,
whilst the ketone is reduced to an alkoxide group.”*” The
mechanism for the oxidation-reduction reaction via hydride
transfer is shown in Scheme 13. In the first step, the carbonyl
oxygen coordinates to the titanium center (1), followed by the
hydride transfer from the a-position of the isopropoxide ligand
to the carbonyl group via a six-membered cyclic transition
state (2). The reduced ketone binds to the Ti center as an alk-
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Scheme 13. Side reaction observed during the formation of TiO, nanoparti-
cles in higher aliphatic and aromatic ketones, analogous to the Meerwein-
Ponndorf-Verley reaction. Scheme reproduced from ref. [226].

oxide and acetone is released (3). This reaction does not con-
tribute to the formation of the metal oxide, however, it is a pre-
requisite for the synthesis of titania nanoparticles in solvents
like benzophenone, which do not possess any a-H atoms nec-
essary for aldol condensation reactions. For example, benzo-
phenone reacted with Ti(OiPr), via MPV-like process, producing
benzhydrol and acetone. The released acetone condensates
with another benzophenone to 4,4-diphenyl-3-buten-2-one,
providing the oxygen needed for titania formation.”*!

The MPV-like and aldol condensation reactions were also
found during the synthesis of lanthanum hydroxide via the re-
action of La(OiPr); and KMnO, with a mixture of benzyl alcohol
and 2-butanone.’”” The proposed pathway, based on NMR
and gas chromatography analyses, involved a MPV-like reaction
between the isopropoxide ligand and 2-butanone, leading to
the reduction of 2-butanone to 2-butanol with concurrent oxi-
dation of the isopropoxy ligand to acetone. The metal coordi-
nated enol tautomer of acetone induced the aldol condensa-
tion with 2-butanone, leading to the formation of a metal hy-
droxide species and 4-methyl-3-hexen-2-one. The solvothermal
synthesis of amorphous lead zirconate titanate powders via
the reaction of lead(ll) acetylacetonate with zirconium/titanium
isopropoxide in 2-butanone also involved MPV-like oxidation-
reduction producing 2-butanol and acetone.”” The formation
of the inorganic network occurred via the aldol condensation
reactions of 2-butanone with itself and with acetone, leading
to the formation of 5-methyl-4-heptene-3-one and 5-methyl-4-
hexene-3-one, respectively. The reaction of a crystalline barium
titanium oxo alkoxide with acetone at room temperature al-
lowed the synthesis of BaTiO; nanoparticles. Also here, the
aldol condensation reaction supplied the oxygen for condens-
ing the oxo alkoxide clusters. When the reaction was carried
out in cyclohexanone, the MPV-like side reactions took place,
in addition to aldol condensation.”?? Niederberger etal. re-
ported the synthesis of BaTiO; nanoparticles by the solvother-
mal reaction between metallic barium, dissolved in acetophe-
none, and titanium isopropoxide.”**?*" The reaction of metallic
barium with acetophenone formed barium enolates and hy-
drogen gas. After the addition of titanium isopropoxide, the
enolate coordinated to the titanium center. During solvother-
mal treatment, the enolate attacked a second acetophenone,
similar to an aldol coupling mechanism, leading to the forma-
tion of 1,3-diphenyl-2-buten-1-one, isopropanol and a Ti-OH
group, which then further condensed to form BaTiO; nanopar-
ticles. Typically, the acetophenone needs to be degassed
before use to avoid formation of BaCO; as a side product.”*"
Wu et al. reported the synthesis of titania nanomaterials from
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the reaction of TiCl, and acetone or other ketones via aldol
condensation reactions.”*” Depending on the molar ratio of
TiCl, to acetone, TiO, with different phases and morphology
were produced. TiCl, acted as a Lewis acid, catalyzing the aldol
condensation reaction of acetone to form diacetone alcohol,
which can easily dehydrate to produce mesityl oxide and its
isomers. The dehydrated dimers further condensate with the
remaining acetone to produce varying amounts of dehydrated
trimers, tetramers, etc. The controlled hydrolysis of TiCl, by the
in situ generated water molecules from the dehydration of
acetone led to the formation of TiO,. Krénzlin et al. studied the
crystallization mechanism of different polymorphs of titania in
the TiCl,-acetone system.”* However, these results are dis-
cussed in more details in Section 5. Li et al. synthesized TiO,
microspheres via a one-pot template-free solvothermal reac-
tion of tetra-n-butyl titanate with acetylacetone.”®” The au-
thors proved the occurrence of aldol condensation and Robin-
son cyclization reactions by mass spectrometry, *C-NMR and
FTIR studies. The solvothermal reaction of Ni(ll) acetylacetonate
with 2-butanone also followed the aldol condensation mecha-
nism, giving access to NiO nanoparticles.”** Using GC-MS and
FTIR analysis of the reaction byproducts, the authors confirmed
the formation of condensation products of 2-butanone.
Aldehydes such as benzaldehyde can also be used as
oxygen source in the nonaqueous synthesis of TiO, nanoparti-
cles starting from Ti(OiPr),.** The identified reaction byprod-
ucts included benzyl alcohol (a reduction product of benzalde-
hyde), benzyl benzoate (a disproportionation product of ben-
zaldehyde), 4-phenyl-2-butanone (3), and 4-phenyl-3-buten-2-
one (5), as shown in Scheme 14. In a first step, a MPV-like reac-
tion of benzaldehyde with Ti(OiPr), led to acetone and benzyl
alcohol (1). Next, in pathway 1, benzyl alcohol reacted with an-
other isopropoxy ligand via the C—C coupling reaction. The re-
sulting 4-phenyl-2-butanol (2) was readily oxidized to 4-phenyl-
2-butanone (3). In pathway 2, the aldol condensation between
acetone and benzaldehyde led to the formation of 4-phenyl-3-
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buten-2-one (5). For aromatic aldehydes, pathway 1 is favored,
as the intermediate carbocation is stabilized, whereas for ali-
phatic aldehydes, aldol condensation reactions in pathway 2
are more probable for TiO, formation.

5. Crystallization Mechanisms

Crystallization is a key phenomenon on the way from molecu-
lar precursors to the final solid crystalline materials. It defines
the size, the shape and the crystal structure of the nanoparti-
cles. The basic process of crystallization falls into two types,
classical and nonclassical crystallization, depending on whether
an atom/ion-mediated growth or a particle-mediated growth
mechanism takes place.?” In the classical crystallization model,
primary building blocks like atoms, ions or molecules nucleate
into clusters, which may grow or disintegrate again, depending
on the counter play of surface and crystal lattice energies. In
nonclassical crystallization, the building units are particles or
clusters, which aggregate with each other via oriented attach-
ment and mesocrystal formation.”>* %% QOriented attachment
describes the spontaneous self-organization of particles in
such a way that they share a common crystallographic orienta-
tion, followed by fusion of these particles at a planar interface.
Mesocrystals are defined as colloidal crystals composed of indi-
vidual, stabilized, and crystallographically aligned nanocrystals,
leading to scattering properties similar to a single crystal.”” In
some cases, mesocrystals are difficult to discriminate from clas-
sically grown single crystals, especially when the nanoscale
building blocks are perfectly oriented and partially fused. Nev-
ertheless, in comparison to structures formed by oriented at-
tachment, the nanoscale building blocks in mesocrystals
remain stabilized, typically by an organic coating, and do not
fully fuse together. For an extensive overview of non-classical
crystallization mechanisms, we refer the reader to some excel-
lent recent reviews®>? 2362900 and 1o a textbook.*V It seems
that particle-based crystallization pathways play a particularly
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Scheme 14. Proposed reaction pathways leading to the formation of TiO, nanoparticles in benzaldehyde. Scheme adapted from ref. [224] with permission of

the Royal Society of Chemistry.
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important role in nonaqueous environment. As a matter of
fact, the few studies available in literature point to rather com-
plex crystallization mechanisms, way beyond the classical nu-
cleation and growth model. However, in spite of the complicat-
ed growth modes, the morphology of the final nanostructures
can still be amazingly uniform.

We will start our discussion with a few examples on oriented
attachment. While oriented attachment of titania nanoparticles
can be used to synthesize mechanically self-supporting net-
works of macroscopic size, e.g., aerogels,**>?*) Dalmaschio
and Leite made the unusual observation that oriented attach-
ment of titania can also be reversible.**” The solvothermal re-
action between titanium(lV) butoxide and oleic acid led to the
formation of single crystalline TiO, nanorods, consisting of sev-
eral anatase nanocrystal units with truncated bipyramidal Wulff
shape. HRTEM investigations after different reaction times
showed that the anatase nanocrystals initially underwent ori-
ented attachment, producing nanorods with surfaces dominat-
ed by {101} faces (Figure 6a). With increasing reaction times,

Oriented >
Attachment

(b) 2

Detachment
—_—

Figure 6. Schematic of (a) the oriented attachment of anatase nanocrystals
with tetragonal bipyramidal Wulff shapes into nanorods and (b) nanorod
fragmentation by a process similar to Rayleigh instability into well faceted
anatase nanoparticles. Reprinted with permission from ref. [244]. Copyright
(2012) American Chemical Society.

surface diffusion promoted mass transportation towards the
tips of the rods, resulting in dumbbell-like morphologies,
which then fragmented by a detachment process into well-fac-
eted nanoparticles (Figure 6b). Also antimony-doped tin oxide
(ATO) nanocrystals synthesized by the benzyl alcohol route
present an oriented attachment growth mechanism.”** In that
report, the authors showed that the combined use of surface
energy ab initio calculations and Wulff construction could be
applied to study the oriented attachment configurations.
Using SnCl, and benzyl alcohol for the synthesis of SnO,,
Stroppa et al. observed an unusual anisotropic growth via ori-
ented attachment along the < 110> directions, which are
equivalent according to the SnO, crystallographic structure
symmetry.?*

Oriented attachment can proceed in more than just one di-
rection, leading to 3-dimensional architectures. The solvother-
mal reaction between tetrabutyl titanate and acetic acid yield-
ed nanoporous anatase TiO, mesocrystals with spindle
shape.””” The proposed mesoscale assembly process involved
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the formation of anatase nanocrystals and their oriented ag-
gregation with incorporation of in situ produced butyl acetate,
finally resulting in spindle-shaped anatase mesocrystals. In an-
other study, the solvothermal reaction between TiCl, and n-oc-
tanol resulted in the formation of anatase TiO, mesocrystals
with a truncated bipyramidal Wulff shape via a kinetically con-
trolled growth mechanism assisted by the oriented attachment
process.*

As already discussed in the introduction, the study of mech-
anisms, including chemical reaction and crystallization path-
ways, makes greatest demands on the analytical probes to be
able to provide a full reaction monitoring from the dissolution
of the precursor to the final nanoparticles. A particularly illus-
trative example in this direction was the study of the crystalli-
zation mechanism of MoO, nanorods by Koziej et al. by react-
ing MoO,Cl, with a mixture of benzyl alcohol and acetophe-
none (Figure 7).2Y In situ XAS, XRD, SEM and TEM analyses in-

in-situ XAS XRD/TEM/SEM

phase oriented
reduction nucleation transition attachment
i i % : >
0.1 1 10 100 size, nm

Figure 7. Overview of the formation mechanism of MoO, nanorods from
MoO,Cl, in a mixture of benzyl alcohol and acetophenone with the corre-
sponding characterization techniques, the size ranges addressed, and the
processes involved. Reproduced from ref. [81].

dicated that the crystallization and growth process of MoO,
nanorods started with the rapid reduction of MoO,Cl, and nu-
cleation of hexagonal MoO, nanoparticles of 2 nm in size and
with spherical shape. The next two processes occurred simulta-
neously, namely the aggregation of small nanocrystals into
rods via oriented attachment and the transformation from the
hexagonal to the monoclinic crystal structure. Time (i.e., size)
dependent phase transformations were also observed for
indium tin oxide nanoparticles synthesized in benzyl alco-
hol.?*) The initially formed small nanocrystals, stabilized by an
organic matrix, underwent a phase transformation into the
bixbyite structure upon crystal growth.

Olliges-Stadler et al. provided an in-depth study on the crys-
tallization processes and morphological aspects of tungstite
(WO5-H,0) formation through the reaction of tungsten hexa-
chloride with benzyl alcohol."® Based on in situ small angle X-
ray scattering (SAXS) and time dependent ex situ TEM analysis,
the proposed particle-based crystallization process (Figure 8)
involved first the crystallization of primary particles (2-8 nm),
their assembly into rod-like architectures and the subsequent
internal reorganization into crystallographically oriented stacks
of platelets. Finally, and rather unexpectedly, the platelet stacks
started to fall apart, forming shorter stacks or even individual
platelets.

Considering the simplicity of the reaction systems, often
composed just of the two compounds precursor and solvent,
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Figure 8. (a) Schematic of the proposed crystallization pathway to tungstite nanoplatelets involving formation of spherical particles, their agglomeration into
rod-like structures, internal reorganization into platelets and fragmentation. Time-dependent TEM and HRTEM images (b) after 5 min, (c-d) after 20 min, and

(e-f) after 1 h. Reproduced from ref. [34].

Figure 9. (a) Schematic illustration of the particle morphologies observed after different reaction times during the growth of ZnO nanostructures in benzyl al-
cohol and (b) corresponding TEM images. Adapted from ref. [170] with permission from the Royal Society of Chemistry.

the chemical as well as the crystallization mechanisms and the
final particle morphologies are unexpectedly complex. One ex-
ample in this category is the formation of fan- and bouquet-
like ZnO nanostructures from zinc acetylacetonate hydrate in
benzyl alcohol, which followed both a classical and a nonclassi-
cal crystallization pathway (Figure 9a)."’” Based on GC-MS
analysis, the chemical reaction involved the elimination of
benzyl acetate and acetone with the formation of Zn-OH (cf.
Scheme 8b). By monitoring the production of benzyl acetate,
the authors found that only 0.3% of zinc acetylacetonate hy-
drate had to react with benzyl alcohol to produce supersatura-
tion in the reaction system and thus to induce nucleation.
After one minute of reaction, crystalline ZnO agglomerates
were formed (Figure 9b). These agglomerates were trans-
formed into fir tree-like morphologies with a relatively well-de-
fined shape after three minutes of reaction time. Interestingly,
most of the nanocrystals within one such structure are crystal-
lographically aligned with respect to each other. After 10 min,
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and more pronounced after 30 min, the morphology changed
again from fir tree-like to angled nanorod bundles, which were
connected at one end. The authors proposed that this transi-
tion occurred by oriented attachment of newly formed parti-
cles along the [0001] direction, thereby establishing nanorod
formation by a particle-based mechanism. After 2 h, the ZnO
nanostructures reached their final shapes, consisting of well-
developed and smooth nanorod bundles. Obviously, the for-
mation mechanism is neither based on the generation of
single nanorods and their subsequent assembly, nor on the
classical crystal growth mechanism starting from nuclei that
grew by ion attachment to the surface. Nevertheless, in spite
of a highly concerted mechanism, in which many processes
(several nucleation events, oriented attachment, and surface
reconstruction) occur parallel in time, it is intriguing to see
that the final nanostructures are unexpectedly uniform in size
and shape. A review by Ludi et al. provides a comprehensive
insight into the nucleation and growth of ZnO nanostructures

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

in liquid media by classical and nonclassical crystallization
pathways.®® Anatase is able to form rather similar nanorod
bundles like ZnO, however, involving a surfactant-assisted sol-
gel synthesis and a completely different growth mecha-
nism_[zso]

In addition to size and shape, nucleation and growth have
also a strong influence on the crystal structure. Accordingly,
the study of crystallization mechanisms of metal oxides, which
are able to form different polymorphs, is particularly crucial
and might help to control the crystal structure during synthe-
sis. One illustrative example in this regard is titania, which crys-
tallizes in different polymorphs depending on the synthesis
conditions. If titania is synthesized from TiCl, and benzyl alco-
hol, then exclusively anatase nanocrystals formed.”" In situ
powder XRD and SAXS made it possible to probe the kinetics
of particle formation, crystallization and aggregation.”®? The
data indicated nucleation of crystalline particles with spherical
shape and large anisotropic crystal lattice strain, which resulted
in anisotropic crystal growth. If the synthesis was performed in
acetone rather than in benzyl alcohol, titania precipitated in
the anatase and rutile modification. The crystallization was
monitored by using in situ X-ray absorption and diffraction
studies.”*® The origin of this crystallization mechanism lies in
the formation of an intermediate, noncrystalline phase and in
the time-dependent changes in the chemical environment. In
spite of the commonly accepted polymorphic-crossover from
anatase to rutile, triggered by the critical size of nanoparticles,
the authors found that the respective nucleation and growth
of rutile and anatase in solution were independent processes.

In addition to MoO, and TiO,, also ZrO, shows varying phase
composition in dependence of the reaction conditions. Garn-
weitner et al. presented a detailed mechanistic study on the
fractal growth of ZrO, nanoparticles considering chemical as
well as crystallization aspects. Systematic change of the precur-
sor concentration and reaction temperature made it possible
not only to tune the ratio of tetragonal-to-monoclinic zirconia,
but also to grow either spherical or fractal morphologies."®

The solvent not only influences the crystal phase, but also
the crystallinity. A comparison between benzyl alcohol and tri-
ethylene glycol (TEG) for the synthesis of magnetite/maghe-
mite nanoparticles showed that at shorter reaction times the
particles in benzyl alcohol were of much better crystallinity
than those in TEG.”*® This observation is important for mag-
netic nanoparticles, because the magnetic properties are di-
rectly linked to the crystallinity. Indeed, the authors found
a direct correlation of the crystallinity of the nanoparticles with
their magnetic properties. Therefore, it was easily possible to
obtain particles with a certain size, crystallinity and thus cus-
tomized magnetic properties.® A follow-up study of the
growth of iron oxide nanoparticles in TEG confirmed that in
a first step an amorphous network was formed, which, upon
expulsion of organic compounds, slowly crystallized and grew
into hydrophilic iron oxide nanoparticles of about 8 nm in di-
ameter.”*? Accordingly, particle formation in benzyl alcohol fol-
lowed a classical nucleation and growth model, while in TEG
a sol-gel reaction with an intermediate gel-like network oc-
curred.
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6. Surface Chemistry

After synthesis, the nanoparticles are typically present as pow-
ders, and for many applications these powders have to be fur-
ther processed, for example, into films, composites or bulk
structures. The processing often occurs in liquid medium,
which means that the nanoparticles have to be redispersible in
a solvent, and at that point, the surface chemistry of the nano-
particles plays a dominant role. First, one has to know, what is
on the surface of the nanoparticles, and second, one has to be
able to tune the surface chemistry according to the require-
ments for further processing of the nanoparticles.

The synthesis of metal oxide nanoparticles in organic sol-
vents, with or without additional surfactants, always leads to
organic residues attached to the surface. Accordingly, the
metal oxide nanoparticles are, strictly spoken, organic-inorgan-
ic hybrid materials. The use of organic compounds to gain
control over particle size and shape is meanwhile routine in
nanoparticle synthesis. This strategy has been proven to be ex-
tremely successful, although the exact role of the organic spe-
cies is often not fully understood. Another important task of
the organic compounds during the synthesis is to prevent ag-
glomeration of the nanoparticles and to facilitate their redis-
persion after synthesis. While surface-adsorbed organics are
beneficial for nanoparticle processing, they are often detrimen-
tal for the final application, affecting the properties in a nega-
tive way. Based on all these considerations, three important re-
search directions developed: i) Careful characterization of the
surface-adsorbed species to understand their stabilizing effect,
ii) efficient methods to remove or replace the surface-adsorbed
species, and iii) exploitation of the chemistry of the surface-ad-
sorbed species in catalysis and photocatalysis.

In the last few years, the importance of surface chemistry
has been recognized. Surface-adsorbed organic, but also inor-
ganic ligands have a tremendous effect on the nucleation and
growth of the nanocrystals, on their chemical and physical
properties (including dispersion and assembly behavior) and
on their performance (e.g., as electrical conductors or as sen-
sors).2*¢%% For processing, and generally also for the final ap-
plication of nanoparticles, the surface ligands have to be
tuned to achieve high colloidal stability without aggregation
of nanoparticles.”® In this respect, surfactants, typically con-
sisting of a coordinating head group and a long alkyl chain,
bind to the nanoparticle surface during synthesis giving access
to shape and size controlled nanocrystals with colloidal stabili-
ty in nonpolar solvents."™ Surfactant-free nonaqueous synthe-
sis routes, on the other hand, usually result in agglomerated
nanoparticles. In certain cases, however, the organic molecules
from the solvent or from the reaction byproducts attached to
the surface of the nanoparticles are sufficient to provide good
dispersibility in organic solvents.?*'3 A particularly useful sol-
vent in this regard is tert-butanol, which gave access to a wide
variety of metal oxide nanoparticles with good dispersibili-
ty.2622642671 Another example is the nonhydrolytic reaction of
metal chloride precursors with diisopropyl ether, yielding
metal oxide nanoparticles coated by chloride and isopropoxide
groups. Because of the unique surface chemistry, these nano-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@‘* ChemPubSoc
x Europe

particles were dispersible in organic solvents such as tetrahy-
drofuran (THF), and they were reactive towards water, alcohol
or hydroxylated surfaces.!'* 362681

If the as-synthesized nanoparticles are not dispersible, then
a post-synthetic surface functionalization or ligand exchange is
required. This strategy has the advantage that the optimum
ligand for a specific application or processing step can be se-
lected, independent of its compatibility with the synthesis pro-
tocol. For example, polymerizable vinyl-group containing li-
gands were used to functionalize zirconia nanoparticles®*® for
their incorporation into polymers like poly(methyl methacry-
late®”’” or polyurethane.”’" A two-step modification approach
involving silane chemistry was used to functionalize zirconia
and alumina nanocrystals with carboxylic acids with a broad
range of terminal functionalities.””? Agglomerated indium tin
oxide (ITO) nanoparticles, obtained by the benzyl alcohol
route, were transformed into long-term stable dispersions in
chloroform (CHCI;) by stabilizing them by weakly coordinating
ligands like primary unbranched alkylamines with different
chain lengths.””® In another study, a comparison of the post-
synthetic stabilization of ITO and ZrO, nanoparticles with
weakly and strongly coordinating ligands showed that for the
ITO nanoparticles the weak and unspecific coordination of n-al-
kylamines led to stable nanoparticle dispersions in CHCl,
(Figure 10, left), while the stabilization of ZrO, nanoparticles in
the same solvent was achieved by addition of fatty acids
through the selective binding of the carboxylate groups on
the particle surface (Figure 10, right). Moreover, the stabiliza-
tion of the ITO nanoparticles depended on the chain length
and the amount of added stabilizer. In the case of ZrO, nano-
particles the influence of the stabilizer chain length was found
to be much smaller® The study also indicated that not only
the adsorption of the ligand determined the stability of the
dispersion, but also the desorption of organic residues from
the synthesis.

De Roo et al. found that HfO, nanocrystals, synthesized by
the solvothermal reaction of HfCl, with benzyl alcohol, could
be transferred to nonpolar media using a mixture of carboxylic
acids and amines.”’* Details of the transfer reaction and of the

ITO Dispersion

ZrO, Dispersion

J ‘v'
Ligand Ty

Figure 10. Photographs of ITO and ZrO, nanoparticle dispersions in CHCl,
before and after the postsynthetic stabilization with dodecylamine (ITO) and
n-decanoic acid (ZrO,). Reprinted with permission from ref. [88]. Copyright
(2012) American Chemical Society.
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surface chemistry of the resulting sterically stabilized HfO,
nanocrystals were revealed by solution '"HNMR and IR spec-
troscopy. A model for the overall reaction during the surface
modification is shown in Figure 11. The as-synthesized HfO,
nanocrystals were charge stabilized by protons, with chlorides
acting as the counterions. The carboxylic acid only bound to
the nanoparticle surface in the presence of oleylamine. The
oleylamine provided the basic environment for the dissociation
of the carboxylic acid, which then replaced the chlorides, re-
sulting in stable, aggregate-free dispersions. The authors ob-
tained similar results with ZrO, nanocrystals.

A subsequent study analyzed the reversible ligand exchange
of oleic acid molecules by octylamine and self-adsorption of
oleic acid on the surface of HfO, nanocrystals using 'H NMR
and IR spectroscopy.”’” The Covalent Bond Classification (CBC),
which provides an appropriate framework to describe the
binding of ligands to the nanocrystal surface,”’® defines the li-
gands as L-, X-, or Z-type, depending on the number of elec-
trons they contribute to the nanocrystal-ligand bond (2, 1, or
0, respectively). L-type ligands such as amines are neutral
donors of a free electron pair. The dissociative adsorption of
carboxylic acids brings two X-type ligands to the nanocrystal
surface, namely a carboxylate and a proton, yielding a com-
bined charge-neutral X, binding motif, which allows for self-ad-
sorption (Figure 12B) and exchange for L-type ligands (Fig-

Figure 11. Schematic of the surface modification of HCl-terminated nano-
crystals. The amine captures a proton of the carboxylic acid, which subse-
quently replaces the chloride. The chloride forms an ammonium salt and re-
mains in the ligand shell. The nanocrystals are purified (precipitated and re-
dispersed) with polar solvents to remove the salt from the ligand shell. The
final result is a dissociated carboxylic acid on the surface of HfO, or ZrO,
nanoparticles. Reprinted with permission from ref. [274]. Copyright (2014)
American Chemical Society.
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Figure 12. Schematic of A) the substitution of an X,-type carboxylic acid by
an L-type alkylamine, and B) autoadsorption of a carboxylic acid onto the
surface of a HfO, nanocrystal. Scheme reproduced from ref. [275].
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ure 12A). The displacement of dissociated carboxylic acids
(charge-neutral X, motif) from the surface by L-type alkyla-
mines is driven by ion-pair formation as shown in Figure 12A.

The nonaqueous synthesis of water dispersible metal oxide
nanoparticles is clearly a challenge. One possibility is to add
polar stabilizers to the initial reaction mixture,"*"?”! another
one the substitution of the surfactant by a more polar ligand
in a postsynthetic treatment. De Roo et al. studied the mecha-
nism of amino acid based ligand exchange reactions for the
phase transfer of carboxylic acid capped HfO, and ZrO, nano-
crystals to various polar solvents using a combination of FTIR,
zeta potential measurements, and 'H NMR techniques.””® They
found that a strong acid was necessary to protonate the origi-
nal carboxylic acid ligand at the nanocrystal surface, after
which a positively charged amino acid bound to the surface,
stabilizing the dispersion electrostatically. However, a small
amount of remaining carboxylic acid provided an additional
steric contribution to the colloidal stabilization.

For a more exhaustive overview of the chemical principles
behind surface ligation and ligand exchange reactions as well
as for a detailed discussion of the different binding motifs, the
reader is referred to more dedicated review articles.” %%

In addition to the nanoparticle surface-solvent bonding, also
the interactions of the surfactant molecules with the solvent
play an important role in tuning the dispersibility of nanoparti-
cles in organic solvents. Leite and co-workers investigated the
dispersibility behavior of antimony doped tin oxide (ATO)
nanocrystals in THF and CHCI; in the presence of oleic acid
and oleylamine.”®"" They found that the combination of THF/
oleylamine or CHCl;/oleylamine was very effective in obtaining
colloidally stable ATO nanocrystals in a high concentration,
while oleic acid did not promote the dispersibility in the same
solvents. Based on a set of molecular dynamics simulations of
oleic acid and oleylamine in both CHCI; and THF, it was found
that the oleic acid in chlorofom favored the formation of oleic
acid dimers, and in THF it formed stable oleic acid-solvent
pairs. In both cases the association of oleic acid molecules via
hydrogen bonds strongly decreased its effectiveness as a sur-
factant to stabilize metal oxide nanoparticles in comparison to
oleylamine, which is essentially free in CHCl; and THF and
available for coordination to the nanoparticles.

7. Conclusion

Nanoparticle research is a mature and well established re-
search field. An immense number of synthesis protocols gave
access to a wide variety of nanomaterials with a broad range
of properties. But in spite of all this progress, two major issues
are not yet satisfactorily solved: Detailed mechanistic under-
standing of the chemical and crystallization processes taking
place in a specific reaction system, and in-depth knowledge
about the surface properties of nanoparticles. Mechanistic
know-how is essential for a rational synthesis design, and sur-
face chemistry is crucial for nanoparticle processing and their
performance in many applications. Nevertheless, synthesis de-
velopment as well as surface functionalization work extremely
well, however, mainly based on empirical know-how of the dif-
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ferent research groups. There is no doubt that generally
applicable guidelines and principles would tremendously accel-
erate the progress in the field.

In this review we provided an overview of chemical forma-
tion and crystallization mechanisms occurring in nonaqueous/
nonhydrolytic sol-gel routes to metal oxide nanoparticles. This
synthesis method has rapidly developed in the last decade and
considerable understanding of chemical formation and crystal-
lization mechanisms has accumulated, mainly due to the avail-
ability of new and powerful characterization tools especially
for in situ studies.

The mechanistic part of the review is structured according
to the most frequently applied precursor-solvent systems. This
systematic structure helps the reader to quickly find the rele-
vant information for a specific synthesis mixture (without nec-
essarily reading the whole review article). Nevertheless, we
tried to elaborate the similarities, but also the differences, be-
tween the systems to provide an integral and overall picture of
the various nonaqueous routes, including advantages and limi-
tations. The idea is to offer assistance for selecting the appro-
priate reaction system for the synthesis of specific metal oxide
nanoparticles.

We also included a section on crystallization mechanisms.
We believe that this is an important aspect, because nucleation
and growth, and thus nanoparticle size, shape and crystal
structure are strongly determined by the precursor-solvent
system. Accordingly, for a rational synthesis planning it is im-
portant to include considerations regarding crystallization
pathways.

The last section is dedicated to the surface chemistry. Nona-
queous routes always lead to organic residues attached to the
surface of the inorganic nanoparticles. These organic com-
pounds may be or may be not beneficial for the properties of
the nanoparticles. But in any case, it is important to know,
what is on the surface. In this regard, surface chemistry and
chemical formation mechanisms are strongly interlinked, be-
cause organic species formed in situ during nanoparticle for-
mation have to be taken into account, and this is only possi-
ble, if the chemical formation mechanism is known.
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