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1. Introduction

The main goal of the research in the chemical sciences is
the synthesis of new compounds. The challenges for the
future, for example, in areas such as, energy conversion (e.g.
thermoelectrics), energy storage (lithium batteries, hydrogen
storage), energy harvesting (solar energy, H2 production from
water), energy efficiency (e.g. light emitting diodes (LEDs)),
data recording, data processing, and data storage (e.g. phase
change materials in DVDs) require the development of new
materials which display new and/or improved properties.
Hence, there is a broad and increasing interest for a rational
synthesis of such materials. Especially in solid-state chemistry
the preparation of new materials and the investigation of
structure–property relationships are the focus of research
interests. But the prediction of synthesis products is at best
limited, and usually more or less impossible. Crystalline solids
are one of the most important classes of compounds for the
development of materials. But an understanding of the
preparation of such materials is still at the early stages of
development. Crystalline solids are characterized by a tight
structure–property relationship based on pronounced coop-
erative phenomena, that is, the crystal structure and the
chemical composition determine the resulting chemical and
physical properties. Such properties are “generated” during
the development of the crystal structure. Owing to the direct
relationship between the different properties and the crystal
structure of a solid, the synthetic accessibility of potential
crystalline solids, including metastable phases of different
combinations of chemical elements, plays a key role in the
development of new materials with interesting properties.

To date, the essential atomistic knowledge of the struc-
ture-forming processes during the �birth� of a crystalline solid
is missing. These fundamental steps include the pre-organ-
ization in homogeneous media, the demixing, the aggregation
and nucleation and subsequent crystallization. But without
information about these initial events the directed synthesis
of new stable or metastable solids is very difficult. The basic

relationships are well known but a
control over these individual steps is
(still) not possible.

The formation of a crystalline solid
from solution should serve as an exam-
ple to highlight the problems investi-
gating the formation of crystalline
solids under real conditions. If super-

saturation is reached, the system is characterized by a high
free energy which may be reduced by the formation of a solid
phase of the dissolved substance. The formation of the solid
phase leads to a reduction of the chemical potential (volume
potential) of the system, which can be regarded as the driving
force for seed (nucleus) building. At this stage of the reaction
small agglomerates consisting of about 100 atoms are formed
which are in equilibrium with the solution. The formation of
the solid phase leads to the formation of a surface for which
the surface energy must be generated. Summarizing briefly,
the total chemical potential of the system at this stage is the
sum of the volume (energy reduction) and the surface
potential (energy enhancement). Plotting the change of
these potentials against the radius of the nucleus, a maximum
of the total potential will be reached at a distinct value for the
radius which is called the critical radius rc. During nucleation
only those nuclei with a radius larger than rc will survive
whereas nuclei with r< rc will be dissolved. During reaction
progress these supercritical nuclei grow through incorpora-
tion of dissolved species and finally reach sizes of macroscopic
crystals. Afterwards, further processes, such as Ostwald
ripening or re-crystallization in a more stable phase according
to Ostwald�s rule, may occur. A detailed presentation of the
nucleation-crystallization theory is beyond the scope of this
Review and the reader should consult literature such as the
recently published Review.[1]

The essential problems of experimentally probing the
nucleation of a solid out of a solution in real systems are
obvious: the subcritical nuclei are in the nanometer range or
smaller, the lifetime of the nuclei is very short, and they can

The processes occurring during the early stages of the formation of
crystalline solids are not well understood thus preventing the rational
synthesis of new solids. The investigation of the structure-forming
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new or improved properties. Examples of actual research demonstrate
the necessity and potentials but also the limitations of in-situ moni-
toring of the formation of crystalline solids.
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move freely in the reaction volume, reducing the chance to
monitor these nuclei within the experimentally accessible
volume section. In addition, the interface between solid and
solvent moves very fast. A possible approach to investigate
the fundamental steps of crystal formation more in detail is
the usage of colloidal model systems. Monodisperse colloids
with particle sizes between about 100 nm and a few mm may
be regarded as “atoms”. Owing to the large size of these
“atoms” the necessary experimental effort is relatively low as
such colloids can be investigated by, for example, optical
microscopy because the distance between the “atoms” is in
the range of visible light. Furthermore, the individual
processes in such systems are slow, different types of
interactions can be realized easily—except covalent bonding
interactions—and theoretical simulation of the processes in
such systems is straightforward.[2, 3] But it is questionable
whether the results obtained with such model systems can be
transferred to real reaction systems.

The synthesis of a thermodynamically stable crystalline
solid is sometimes not easy but in most cases the problems
occurring can be solved. It is more difficult to rationally
prepare a metastable crystalline phase. To “enforce” a desired
crystal structure for a given chemical composition, control
over the first steps during the formation of the structure must
be realized. It is still a big challenge to steer a synthesis
towards a distinct local free-enthalpy minimum. In recent
years, several theoretical publications demonstrated that the
phase space of viable crystalline solids is surprisingly large.
But only a few of these predicted solids could be synthesized
to date.[4]

It can be assumed that new materials may also be obtained
away from the thermodynamic equilibrium by applying
kinetically controlled synthesis methods, that is, thermody-
namically metastable crystalline solids can only be prepared
under non-equilibrium conditions. Such conditions are
obtained by decreasing synthesis temperature, shorter reac-
tion times, or quenching of reactions. There are several
synthesis methods available allowing the preparation of
metastable crystalline solids. These include solvothermal
conditions, heterogeneous nucleation, thin-film couples, des-
olvatation, topotactic or epitactic reactions in the bulk phase,
deposition of reactants at very low temperature and subse-
quent slow warming, metathesis reactions, directed thermal
decomposition, rapid expansion of supercritical solutions
(RESS), mechanochemical methods (tribochemistry, high-
energy ball milling), achievement of very high supersatura-

tion by addition of an anti-solvent, or utilization of different
energies of nucleation barriers. The large potential of these
methods is constantly being demonstrated.

In spite of the large variety of synthesis methods, it is very
often not possible to decide what synthetic approach or
strategy is suitable for the preparation of a desired solid
compound, or what reaction parameters must be altered to
optimize the preparation of a new crystalline solid. For a
certain compound theoretical calculations and energetic
considerations may lead to the exclusion of unsuitable
synthesis conditions, however, the synthetic work cannot be
substituted by calculations.

In-situ methods are appropriate to acquire the missing
knowledge about the mechanisms occurring under reaction
conditions. By applying such methods important questions
can be answered concerning polymorphism, conversion of
solids, the occurrence of short-living crystalline intermediates
and/or precursors during chemical reactions. But such in-situ
experiments must not be restricted to the solid itself and it is
absolutely necessary to probe the most important parameters
of the mother phase (solvent, amorphous solid, etc.) by
applying the appropriate methods.

Crystalline intermediate phases are often metastable and
may have different properties than the thermodynamically
stable products. The potentially interesting properties of still
unknown but viable polymorphs cannot be used currently
because the structure-forming processes are not understood.
It is highly likely that the so-called “disappeared” polymorphs
mentioned in the literature can be ascribed to the restricted
predictability of syntheses.[5] Once a metastable modification
of a compound could be synthesized, a second more-stable
modification may occur which may be formed accidentally. As
a consequence of the occurrence of the more stable form, the
metastable polymorph cannot be prepared again or trans-
forms into the stable form within a short time. A very
prominent example for this event is the active substance
Ritonavir in an important AIDS drug (trade name Norvir,
Abbott Laboratories).

With respect to the type of in-situ investigations, those
that are most powerful allow reactions to be monitored under
real conditions without disturbing the reacting systems. But it
should be kept in mind that several in-situ experiments can
only be performed at special research centers which will be
discussed in Section 2. If the experimental boundary condi-
tions are appropriate for solving a distinct problem, in-situ
experiments can also be undertaken with normal laboratory
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facilities. In principal, chemical reactions can be quenched
during the reaction. But it is impossible to be sure that the
true reaction state is quenched and captured with such ex-situ
experiments.

Before reactions are investigated with in-situ methods it is
necessary to consider what information should be acquired
and what method is appropriate to gain this information. In
addition, the prerequisites that must be fulfilled to utilize a
specific technique should be verify. The choice of the
analytical instruments depends on different questions, such
as whether atomic, local, or long-range-order information
alone is satisfactory or whether such information should be
acquired in parallel. Further important questions should be
clarified in advance such as if the experimental method
should be atom specific, how much material is required for the
investigation, and if the investigation provide time and/or site
specific information. For instance, if solvothermal reactions or
syntheses with alkali metals are to be investigated under in-
situ conditions, special reaction cells are required. Such in-situ
instruments must often be constructed and adapted to the
experimental conditions, for example, high temperatures,
aggressive media, high pressures. Often this is an iterative
process until the optimal instrument is at hand. It is clear that
a universal cell cannot be realized because it is impossible to
design an instrument that allows investigations of different
reactions with very different basic experimental conditions.
Indeed in-situ instruments can be constructed in a flexible
way, such as our cell allowing in-situ energy-dispersive X-ray
diffraction (EDXRD) investigations under normal and sol-
vothermal conditions or intercalation reactions at DESY
(Deutsches Elektronen Synchrotron).[6–8]

A complete discussion of all aspects of in-situ investiga-
tions is beyond the scope of this Review, and therefore we
focus on selected aspects of the methods. Ex-situ experiments
involving quenching or interrupting reactions after distinct
reaction times and subsequent characterization of the prod-
ucts will not be considered herein. Furthermore, nanoparti-
cles displaying a size-dependent polymorphism will also not
be discussed. In addition, we restrict the presentation to those
analytical techniques and methods where the formation of
crystalline solids is the focus of the research work. We are
aware that many interesting in-situ experiments have been
performed on, for example, solid catalysts, biomolecules,
mesoporous materials, pharmaceuticals. But in most of these
studies the investigation of the formation mechanisms of a
crystalline solid was not the focus of the experiments.
Therefore the reader should consult appropriate Review
articles.[9]

Herein we first present an overview about the most
important in-situ methods and we proceed in presenting
selected examples demonstrating the performance of the
methods. We restrict the Review to those methods which are
not widely established for the investigation of the formation
of solids. In addition we only present some basic principles of
the methods and for a deeper understanding references are
given. Theoretical basics of well established methods, such as
infrared spectroscopy, Raman spectroscopy, or nuclear mag-
netic resonance (NMR) spectroscopy will not be presented
and we restrict the presentation on selected examples that

demonstrate the potential of these methods for monitoring
the formation of solids.

2. Selected In-Situ Methods

The formation of crystalline solids can be monitored with
different methods, and X-ray as well as neutron scattering
techniques are very promising. But other techniques are also
of interest, such as IR and Raman spectroscopy which allow
acquisition of deep insights into reactions occurring under
real synthesis conditions. In many cases a combination of
different analytical methods is necessary because one method
alone cannot deliver all desired information. In Table 1 some
suitable methods are summarized some of which are pre-
sented in more detail in this Section. In Section 3 selected
examples are discussed demonstrating the performance and
the limitations of the methods.

2.1. In-Situ Scattering Techniques

The large potential of in-situ scattering techniques was
recognized at the beginning of 1990s, and since then they were
applied in a larger number of investigations.[10] Mainly solid
catalysts and/or micro- and mesoporous materials were the
focus of these studies.[11] The combination of complementary
methods, such as energy-dispersive X-ray scattering
(EDXRD) and X-ray absorption spectroscopy (XAS), is
very powerful.[7,12] Other characterization techniques, such as
in-situ small-angle scattering (SAS) are particularly estab-
lished in polymer chemistry, material sciences, and colloid
chemistry.[9d, 13]

2.1.1. Energy-Dispersive X-ray Diffraction (EDXRD)

Scattering experiments, such as energy dispersive X-ray
diffraction is a very suitable method to follow the formation
of crystalline or partially crystalline solids under in-situ
conditions. During chemical reactions, crystalline intermedi-

Table 1: List of suitable in-situ methods.

Methods

Scattering methods:
Energy dispersive X-ray diffraction (EDXRD)
X-ray absorption spectroscopy (XAS)
Small-angle scattering
… with X-rays (SAXS)
… with neutrons (SANS)
Wide-angle X-ray scattering (WAXS)
Neutron diffraction (ND)
Spectroscopy:
Vibrational spectroscopy
… Infrared spectroscopy (IR)
… Raman spectroscopy
Mass spectrometry (MS):
Electrospray-Ionization-MS (ESI-MS)
Further techniques:
Transmission electron microscopy (TEM)
NMR spectroscopy

In-Situ Monitoring
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ates or precursors can be easily detected and under certain
conditions these solids can be identified. Furthermore, the
development of such intermediates/precursors can be moni-
tored during reaction progress. An enormous advantage of in-
situ EDXRD is that the influence of different reaction
parameters on the reaction progress and the product for-
mation can be investigated without repetition of the synthe-
sis.[11a] For instance, spectra can be collected during heating
and/or cooling of the reaction slurry yielding information
about the dissolution rate of solid starting materials or
transformation of a solid phase. To achieve a high time
resolution and a good signal-to-noise ratio, in-situ EDXRD
experiments are mainly performed with synchrotron radia-
tion. A distinct energy range of the white synchrotron beam is
selected to guarantee that in a polycrystalline sample with
statistical orientation of the crystallites a wavelength or
photon energy for Bragg scattering/diffraction is always
present. Simultaneously detecting the generated X-ray fluo-
rescence lines of the elements in the reaction mixture may
yield further information about the reaction progress. Besides
the simultaneous detection of many Bragg reflections, the
high intensity of the synchrotron radiation leads to a good
time resolution. Using laboratory X-ray sources the collection
of one powder pattern often requires several hours whereas
diffractograms can be collected within minutes using syn-
chrotron radiation, and in special cases within seconds. In
addition the intensity of synchrotron radiation is high enough
to penetrate the walls of reaction vessels, such as stainless
steel autoclaves allowing experiments under high pressure,
for example, which is not possible with standard laboratory
conditions. A disadvantage of in-situ EDXRD is the relatively
low resolution of the spectra which is problematic for
crystalline materials with reflections lying close together.
Nevertheless, considering the boundary conditions, detailed
insights into the reaction progress and the crystallization
kinetics can be achieved. Plotting the change of the reaction
progress against the reaction time the so-called Avrami-
Exponent can be determined allowing some conclusions
about the mechanism of crystallization.

In-situ X-ray scattering experiments have mainly been
used to monitor the formation of technologically and
industrially relevant materials, such as zeolites or zeotype
materials. Since 1992 the formation of such crystalline solids
was relatively often studied such as, the formation of
sodalite,[10b] zeolite A,[10b,14] Co2+/Zn2+-exchanged zeoli-
te A,[15] the hydrothermal conversion of zeolites,[16] or the
crystallization of gallo-, alumino-, and zincophosphates.[11a,-

c,14a,b, 17] In addition, in-situ EDXRD studies were undertaken
to monitor the hydrothermal formation of thio- or selenome-
talates[7, 18] and of other compounds.[8a–c,19] The in-situ
EDXRD approach is also suitable to study intercalation,
ion-exchange reactions of different host materials,[20] and
other chemical reactions;[12c,21] see also the Review in
Ref. [22].

2.1.2. X-Ray Absorption Spectroscopy (XAS)

Extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near-edge spectroscopy (XANES) or near-

edge absorption fine structure (NEXAFS) are suitable
methods to probe the local environment of atoms for a
range of up to about 1 nm. The breakthrough of X-ray
absorption fine structure in the 1980s was made possible by
the availability of synchrotron radiation and the theoretical
background for evaluation of the spectra.[23]

The principal of EXAFS is based on the absorption of X-
rays by inner electrons of an atom (absorber atom) and the
registration of the change of their absorption coefficient as a
function of the energy of the X-rays. The method is element
specific and the local environment even of neighboring
elements in the periodic table can be distinguished. If a
substance is irradiated with X-rays with varying energy, an
electron of the absorber atom is excited at a distinct energy
(threshold energy) and is promoted into the continuum. This
absorption event is accompanied by a steep increase of the
absorption coefficient. The threshold energy depends on the
chemical state of the absorber atom, and referencing of the
energy value against the elemental state allows an estimation
of the formal oxidation state of the absorber atom and the
covalency of the chemical bond to the neighboring atoms. In a
simple picture, the emitted photoelectron can be treated as a
wave which is scattered by the neighboring atoms (see
Figure 1). The outgoing photoelectron wave of the absorber
interferes with the waves backscattered by the neighboring
atoms leading to a modulation of the absorption coefficient.
The modulations occur in the spectrum as oscillations above
the absorption edge and due to destructive and constructive
interferences minima and maxima occur. The modulations
contain the information about the type, number, and the
distance to the neighboring atoms.[23]

The EXAFS region of a spectrum extends from about 50
to 1000 eV above the absorption edge of the corresponding
absorber atom, while XANES covers the energetic region
from the absorption edge to the beginning of the EXAFS
(near edge region; Figure 1). In the XANES region the
incoming photon energy is not large enough to promote the

Figure 1. X-ray absorption spectrum of a thiostannate solution
recorded at beamline X1 (Hasylab, DESY) at the Sn K-edge (29.2 keV)
in transmission mode. The constructive and destructive interference
outgoing from the absorber are displayed. The different regions of the
spectrum are also indicated (pre-edge, XANES, and EXAFS).
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electron directly to the continuum so that the photoelectron
first occupies empty electronic states (bound states) or
energetically low-lying empty states near the continuum.

Because the photoelectron is scattered several times by
the neighboring atoms, an exact quantum-mechanical descrip-
tion is difficult,[23f] and the XANES spectra are often used as a
fingerprint region. The comparison of the spectrum with those
of known compounds allows conclusions to be drawn
concerning the type and number of neighboring atoms. In
the EXAFS region the kinetic energy of the emitted electron
is large and only single scattering events occur, and con-
sequently the theoretical description is less complex than for
the XANES region. In many cases pronounced features are
observed in the pre-edge region, which are caused by dipole-
allowed transitions of the photoelectron. Such features give
direct evidences for the geometric environment around the
absorber atom because such electronic transitions are only
dipole allowed for non-centrosymmetric coordination poly-
hedra. The spectrum of an absorber in a tetrahedral environ-
ment can display a very intense pre-edge peak whereas for an
octahedral environment such a feature is often not observed.
The information cannot be directly extracted from the spectra
and after processing of the raw data the structure information
is obtained applying the EXAFS equation which establishes a
relationship between structural parameters and modulation
frequencies. Despite XAFS being an element specific
method, the spectra contain only an averaged value for all
the atoms of the same element. Especially for atoms adopting
different local environments, the structure cannot be
extracted without a suitable structural model. In-situ
EXAFS experiments are often combined with complemen-
tary methods, such as X-ray scattering and small-angle X-ray
scattering (see Section 3).

The EXAFS and XANES experiments can be performed
on crystalline, amorphous, liquid, or gaseous substances. Both
methods probe the short-range order around an atom and
clearly these techniques are most suitable to probe the early
stages of nuclei formation, that is, at stages long before the
formation of the crystalline solid. In the sub-critical nuclei,
the most important structural information is restricted to the
direct-neighbor atoms. Therefore, the time- and temperature-
dependent changes of the local environment during a
chemical reaction can be monitored. But without special
instrumentations EXAFS is a slow method and even using the
quick-EXAFS mode the accumulation of a suitable spectrum
requires seconds depending on the substance and the sample
environment. Only with energy-dispersive EXAFS is the
collection of spectra in the hundred millisecond time regime
possible.[24] We want to note that ultrafast EXAFS and
XANES experiments in the picosecond or femtosecond time
regimes, respectively, can be performed using highly
advanced instrumentations. But such experiments are pre-
dominantly applied for pump–probe experiments to monitor
dynamic phenomena.[25] In addition, most synchrotron sour-
ces supply only a certain energy range and depending on the
scientific problem in-situ experiments must be performed on
different sources. It is very important in planning such
experiments to consider the sample environment, because
when X-rays have to travel long distances through the

reaction mixture pronounced absorption effects occur, espe-
cially for soft X-rays, and the resulting spectrum exhibits a
poor signal-to-noise ratio complicating or even preventing an
evaluation.

2.1.3. Small-Angle X-Ray Scattering (SAXS), Wide-Angle X-Ray
Scattering (WAXS), and Anomalous Small-Angle X-Ray
Scattering (ASAXS)

Small-angle X-ray scattering (SAXS) is applied for the
analysis of nanoscale structures to determine the size and
shape of particles as well as their interactions. In contrast to
the classical X-ray diffraction on lattice planes (Bragg
condition for scattering), in a SAXS experiment the inter-
action between X-rays and objects of different shapes with
sizes between 1 and > 100 nm is probed.[26] The sample is
irradiated with monochromatic X-rays and the elastic inter-
action of the photons with the electrons of the sample
generates secondary waves which are summed to the total
structure amplitude. The scattering curves are typically
measured only at very small scattering angles. The secondary
waves are characterized by an identical frequency but owing
to the different path lengths the phases may be different
(Figure 2). In the simplest case, isotropic spherical particles
without any long-range ordering are distributed homogene-
ously in a matrix whereby the matrix can be viewed as
homogeneous medium with its own electron density. This
situation corresponds to spherical particles in solution or
inhomogeneities in a solid.

In the SAXS curves, different regions of the intensity
versus scattering-vector curve are distinguished (Figure 3).
Directly above the backscattering region, the curve follows
the Guinier region with particle sizes qR ! 1 (q is the
scattering vector, R = particle size). Above the Guinier
region the scattering curve follows a power law (Porod
region) and from the exponent the shape of the particle can be
deduced.

The evaluation of SAXS scattering curves yields informa-
tion about the size, shape, orientation, and surface of particles

Figure 2. Schematic representation of the principle of small-angle X-ray
scattering.[27]
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(Figure 4), and SAXS is therefore suitable for in-situ mon-
itoring of the formation of solids at the very early stages. The
SAXS experiments are performed with monochromatic X-
rays preventing any conclusion being drawn about the
chemical composition or the assembly of the particles, that
is, for complex systems the assignment of contributions of
individual components to the total scattering curve is not
possible. Such complex situations are found for example, in
core–shell particles or nanoscopic precipitations in alloys.

To achieve an assignment to distinct chemical elements in
a particle, a deconvolution of the individual contributions to
the total scattering curve is necessary. Such a partition is
achieved utilizing the anomalous dispersion (anomalous
small-angle X-ray scattering, ASAXS; see for example,
Ref. [30]). The atomic form factor of a chemical element

differs significantly near the absorption edge and this differ-
ence is more pronounced for heavier elements. In so-called
contrast experiments the SAXS curves are measured near the
absorption edge and far away from this edge. The curves are
then subtracted giving a separate scattering curve for the
element that was measured at the absorption edge (contrast
separation). For a two-component system at least three
scattering curves must be measured for a confident interpre-
tation of the data. The number of experimental stations for
ASAXS investigations is limited (roughly one dozen around
the world) and the expenditure on equipment is extraordinary
high because a very high beam stability is required. SAXS or
ASAXS are often used to investigate substances such as
nanoparticles, gels, polymers, liquid crystals, micro-emulsions,
biomolecules.[13b–d, 19a–e] The greatly increased research interest
in recent years in the field of nanoscale materials has initiated
a rapid development of both the instrumentation and of
suitable measurement cells for in-situ small-angle scattering
experiments.[31]

With typical laboratory X-ray sources no suitable time
resolution can be reached and measurement times up to a few
hours are required to collect patterns that can be interpreted
with confidence. Using well-focused synchrotron radiation
(diameter a few 10 mm) gives a significant reduction of the
measurement time and good scattering curves may be
obtained within minutes. In combination with special exper-
imental set-ups, such as stop-flow or jet-stream cells, SAXS
curves can be recorded within microseconds. The high
intensity of the synchrotron radiation also allows the inves-
tigation of reactions in extreme sample environments, for
example, under hydrothermal or high-temperature condi-
tions.

The information obtained with SAXS/ASAXS about the
particle formation is often not sufficient because a full
characterization and the combination with other analytical
methods is required. In cases where information about the
crystalline structure of a material should be acquired, X-ray
reflections at higher scattering angles can be collected
simultaneously using WAXS which is a method similar to
conventional X-ray diffraction. Combination of SAXS,
ASAXS, and WAXS in one experiment yields information
about the structural organization of a solid on different
lengths scales. The formation of Al-Zr-Si ceramics was
monitored with temperature-resolved in-situ SAXS,[32] as
was the hydrothermal crystallization of a clay mineral.[33] The
crystallization of silicalite-1 (pure ZSM-5) under different
synthesis conditions was intensively studied by in-situ SAXS
experiments.[34]

2.1.4. Small-Angle Neutron Scattering (SANS) and Neutron
Diffraction (ND)

The most important advantage of neutrons over X-rays is
the low absorption of neutrons by most elements. This
property allows the in-situ investigation of samples in special
environments, such as autoclaves, cryostats, or pressure
cells.[19a] Because the scattering process occurs at the atomic
nucleus, light elements, such as hydrogen, can be detected. In
addition, the scattering power of neighboring elements and

Figure 3. The different regions in the intensity versus scattering curve
in a SAXS experiment.[28]

Figure 4. Simulated SAXS curves for different particle shapes. * red:
spheres; ! green: rods; & yellow: flat plates; ^ blue: hollow spheres;
~ violet: dumbbells. Reprinted from Ref. [29] with permission of the
IOP Publishing.
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also of isotopes, for example, hydrogen and deuterium, differ
significantly. A pronounced contrast enhancement can be
achieved by deuteration of a hydrogen-containing substance.
The high incoherent scattering background of H-containing
samples can be used to monitor the removal of hydrogen
during a chemical reaction. Because collimation of neutrons is
more or less impossible, the sample volume must be relatively
large. Compared to the intensity of X-rays, the neutron flux is
very low even at the best neutron sources. As a consequence
fast reactions and processes cannot be probed. In-situ neutron
scattering experiments were applied, for example, to inves-
tigate solid–solid conversions, dehydration reactions, decom-
position reactions, phase transitions, intercalation reac-
tions,[35] the hydrothermal formation of zeolites and layered
silicates,[36] the temperature-dependent crystallization of
ZrO2 from Zr hydroxides,[37] and the pressure-dependent
formation of metal hydrides.[38] Analogous to SAXS, small-
angle neutron scattering (SANS) probes particles in the size
region from about 1 to 100 nm. The advantage of SANS over
SAXS is that the intensity contrast between particles and the
medium (solvent) can be drastically increased by deuteration
allowing determination of the chemical composition of the
particles. For instance, the contrast method was applied to
study the ageing and crystallization processes during the
synthesis of ZSM-5 and silicalite.[39]

2.2. In-Situ Spectroscopy

In addition to the scattering techniques, other methods,
such as in-situ IR, ATR-IR (attenuated total reflection IR),
and Raman spectroscopy are suitable to acquire mechanistic
information about the formation of crystalline solids and a
better understanding of the processes occurring during the
reactions.[40] For a comprehensive understanding of the
different steps in the crystallization of a solid from solution
the knowledge of the species in solution and their concen-
tration is of fundamental importance. Only if this information
is available can a relationship between the crystallized solid
and the molecular building units in solution be established.

Some selected spectroscopic methods are briefly dis-
cussed below. Vibrational spectroscopy is a very suitable
technique to monitor reactions of organic solids, the transition
of organic polymorphs, and to identify species in solution,
because small changes of the force field caused by structural
alterations can be easily detected. But without a special
instrumentation IR, ATR-IR, and Raman spectroscopy are
relatively slow methods and are more appropriate for studies
in the minute time scale. The particular strength of ATR-IR
spectroscopy is the determination of the concentration of
dissolved species, which is of special relevance for the
formation of solids from solution. Raman microscopy com-
bined with a CCD camera or special reaction-cell design
allows collection of good spectra on a second time scale with
resolutions in the mm2 region. Reactions of thin films can be
monitored applying confocal Raman spectroscopy reaching a
depth resolution of a few mm. In cases where a high time
resolution is not required the smallest amounts of substances
(nanogram) can be probed. In the near IR region, Raman

spectra are less complex than IR spectra and the Raman
modes are better resolved simplifying significantly quantifi-
cation of the species present. In addition, Raman scattering in
aqueous solution is low while IR radiation is heavily absorbed
by OH groups. A serious problem of Raman spectroscopy is
undesired fluorescence which disturbs the Raman signals or
even hides the modes. Generally the intensity of the
fluorescence decreases with increasing excitation wavelength.
On the other hand, the signal intensity is inverse proportional
to l4 and in the short-wavelength region resonances have a
low intensity. If Raman studies are performed in solution only
noisy spectra with low information content can be measured
when the solubility of a solid is low. But besides detection of
small structural changes or distortions, varying hydration or
protonation states, changes of charge and defect distribution,
alterations of the surface, disordered building units, and short-
range order/disorder can be monitored, which is not possible
with X-ray scattering. This performance of Raman spectros-
copy is widely used in the pharmaceutical industry for in-line
control,[41] for example, the quantitative analysis and deter-
mination of concentration of active substances,[42] of the
amorphous proportion,[43] quantitative determination of the
amount of different polymorphs and their transformation as
function of time.[44] For example, in combination with in-situ
X-ray scattering at a synchrotron facility, different trans-
formations of solids under non-ambient conditions could be
studied with reasonable good time resolution.[45]

To date, most in-situ Raman spectroscopy studies were
performed on pharmaceutically relevant compounds. Some
exceptions are presented below. Using a special cell the
formation of zeolite X under hydrothermal conditions could
be studied with in-situ UV-Raman spectroscopy with a time
resolution in the minute range.[46] In-situ Raman investiga-
tions of the crystallization of MeAPO-34 demonstrated that
complex interactions between the metal ion and the con-
formation of the organic structure-directing molecule are
most important, whereas for the formation of ALPO-5 only
the conformation of the “template” is relevant.[47] In a
temperature-resolved in-situ Raman study of the crystalliza-
tion of Ba2Ti2O5 from a precursor glass, the formation of the
high-symmetric a-phase could be detected first, followed by
the crystallization of the low-symmetric b-modification at
elevated temperatures. The crystallization of the a-modifica-
tion is initiated by homogeneous nucleation and three-
dimensional diffusion-limited growth, while the b-phase
crystallizes through heterogeneous nucleation.[48] A detailed
picture about the crystallization of a Bi4�xLaxTa3O12 film
could also be obtained applying temperature-resolved in-situ
Raman spectroscopy.[49]

A drawback of IR spectroscopy is the strong absorption
by solvents so that the crystallization of solids can only be
followed using a very thin cuvette. This drawback can be
overcome applying ATR-IR spectroscopy. The IR radiation is
transmitted through an IR transparent crystal with a large
refraction index so that the IR beam experiences several total
reflections within the crystal. The crystal (e.g. diamond) and
the sample to be probed are in direct optical contact
(Figure 5). A small part of the IR radiation emerges from
the ATR crystal (evanescent wave) penetrating the sample up
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to a certain depth (0.5–5 mm). The more often the IR
radiation is reflected within the ATR crystal, the more often
information about the sample is obtained and the signal-to-
noise ratio is improved and the measurement time is reduced.

The main applications of in-situ ATR-FT-IR spectroscopy
are in pharmaceutical chemistry. With this technique the
solubility of polymorphs is investigated (time and temper-
ature resolved) as well as supersaturation phenomena.[51]

However, time and spatial resolutions are low and fast
crystallization cannot be probed with this method. Note that
based on the quantum confinement effects, such as changes in
the optical band gap, the alteration of the size of particles can
be monitored with UV/Vis spectroscopy.

2.3. In-Situ Mass Spectrometry

For advanced analytical applications of mass spectrome-
try, different measurement principles have been developed
which differ mainly with respect to the ionization process and
the detection of intact macro- and biomolecules.[52] However,
real in-situ conditions can only be achieved by direct coupling
of the mass spectrometer to tube or so-called batch reactors.
For example, applying this set-up, the time- and temperature-
dependent alterations of oligomers in silicate solutions before
crystallization could be studied for example, for ZSM-5,
ZSM-11, silicalite-1, silicalite-2, and germanium-containing
zeolites.[53, 54]

2.4. In-Situ Transmission Electron Microscopy

For monitoring reactions with atomic resolution, trans-
mission electron microscopy (TEM) is a very suitable
technique.[55] In principal, local information at reacting
interfaces of solids can be obtained. The combination of
TEM with other techniques including, nano-element-analyt-
ics (energy dispersive X-ray (EDX)), energy-filtering
(EFTEM), electron energy-loss spectroscopy (EELS,
ELNES) and atomic number contrasting, selected-area
electron diffraction (SAED), and tomography enables the
reacting interfaces as well as the change of the chemical state
of the reacting elements to be monitored with atomic
resolution. Hence TEM/HRTEM is an attractive method to
investigate the early stages of nucleation. Because TEM/
HRTEM experiments can only be performed under ultra-
high-vacuum conditions the kinds of reaction systems that can
be investigated is considerable restricted. In addition the

substances must be stable against the intense electron beam
and a movement of the position of the sample during in-situ
heating experiments must be strictly prevented. Even high-
energy electrons can penetrate only very thin samples (a few
100 nm) and therefore sample preparation is elaborate.
Hence it is not surprising that only very few real in-situ
TEM/HRTEM experiments have been reported.[56] An exam-
ple is the crystallization of LiFePO4 from the amorphous
state. At the beginning, a transient crystalline intermediate
could be identified which is transformed into the ordered
LiFePO4 structure by several phase transitions of interme-
diary formed crystalline phases.[56e]

2.5. In-Situ NMR Spectroscopy[40b, 57]

NMR spectroscopy has become a powerful analytical tool
for in-situ investigations, this is due to the development of
sample containers for experiments at elevated temperatures
or under hydrothermal conditions, the establishment of
techniques such as magic-angle spinning (MAS), cross polar-
ization MAS (CP-MAS) as well as the development of new
pulse sequences. NMR spectroscopy probes the local environ-
ment of atoms and the changes of the environment during
crystallization can be investigated.[57b] To achieve acceptable
time resolution, suitable NMR nuclei with good sensitivity
must be present in the sample. But even if a compound or
solution contains such atoms the acquisition of a spectrum
requires several minutes. Compounds with suitable nuclei for
NMR spectroscopy are for example, zeolites and many
zeotype materials, such as alumino, gallo, or silico-alumino
phosphates (ALPO, GAPO, SAPO). The crystallization of
such materials from gels is relatively slow so that species in
solution as well as their structural changes can be followed
with in-situ NMR spectroscopy. Examples for such experi-
ments are the studies of crystallization of SAPO-34,[58]

zeolite A,[59] ALPO-4,[60] ULM and MIL,[61] or boron-con-
taining ZSM-5.[62] Because different species in solution are in
equilibrium, an unambiguous identification can often only be
achieved by accompanying theoretical calculations. CP-MAS-
NMR spectroscopy allows differentiation between the species
in solution and the solid in the solvent. For example, the
transition of a-glycine into the more stable g-modification
could be studied using this technique for the first time.[63]

2.6. Combination of Methods

Every single method discussed in this Section records the
formation of solids with different length, time, spatial,
elemental, and concentration resolution. But it is also
necessary to acquire and evaluate information about the
mother phases, such as liquids or amorphous precursors, in an
appropriate manner and not only about the crystalline solid.
Hence it is clear that a single method can only supply a piece
of the jigsaw puzzle and only the combination of different in-
situ methods allows extensive conclusions about the forma-
tion of a crystalline solid. Therefore, it is not surprising that
often different in-situ methods are combined to attain a

Figure 5. The principal of ATR-IR spectroscopy (adapted from
Ref. [50]).
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comprehensive picture (see for example, Ref. [19a, 64]). In
addition, accompanying ex-situ characterizations must be
performed to guarantee that the formation of the desired
product was studied. The interpretation of results obtained
with in-situ methods is more convincing if they are supported
by theoretical modeling, simulation and/or calculations per-
formed at different levels. During the last few years significant
progress was made in these areas of theory. For the theoretical
research it is important to distinguish between the structure
prediction for planning the synthesis (potential target struc-
tures), the approaches for the computational structure
determination, and the theoretical investigation of the
mechanisms of nucleation processes. In the area of synthesis
planning, potential structure candidates could be identified
using global energy optimization.[4b] The determination, the
prediction, and the understanding of structures of crystalline
solids can be achieved through exploration of the energy
landscape of chemical systems.[4c,65] The performance of this
concept was impressively documented in a number of
publications.[66] During the last few years further theoretical
concepts were applied to synthesis planning. For instance,
high-pressure phases were identified by systematic explora-
tion of the energy landscape using ab-initio approaches.[67]

New crystalline solids with hitherto unknown structures can
be predicted by simulating the interconnection of secondary
building units.[68] Further theoretical studies deal with the
prediction of crystalline polymorphic solids, atomistic mech-
anisms of the phase separation of simple model systems, the
prediction of crystal structures,[69] the molecular dynamic
(MD) simulation of nucleation rates,[70] or the MD simulation
of activated processes[71] (see also Ref. [72]). A comprehen-
sive representation of the different theoretical methods and
approaches to simulate nucleation mechanisms of crystalline
solids is presented by Anwar and Zahn in this Issue.[73]

3. Selected Examples of In-Situ Experiments

In this Section selected examples are presented to
demonstrate the potential of in-situ investigations to give an
impression of which systems can be treated and how to
proceed.

3.1. Investigation of the Formation of Crystalline Solids from
Solution

Several technologically important solids (zeolites and
analogous compounds) are synthesized under solvo- or
hydrothermal conditions. But this synthetic approach is also
applied to synthesizing, for example, chalcogenidometala-
tes,[6, 7, 19g,74] polyoxometallates,[75] or oxides.[76] Solvothermal
syntheses are heterogeneous reactions and a large number of
parameters such as, temperature, time, solvent, pH value, or
concentration influence product formation in a way that is not
well understood.[77] In the overwhelming number of cases the
products were obtained rather by accident then by planning
or design. A detailed insight into the reactions is required for
a more directed/rational synthesis planning. Such insights

may be obtained using in-situ investigations, such as time-
resolved energy dispersive X-ray diffraction which allows
probing the reactions under real conditions. For an evaluation
of the crystallization kinetics often a few hundred, and in
special cases, a few thousand patterns must be quantitatively
analyzed. It is also very important to perform experiments
more than one time to demonstrate reproducibility of the
results.[10b, 11b,20b–c,36, 78]

3.1.1. Crystallization of Thiometallates

Our group investigated the formation of thioantimonates
with composition Mn2Sb2S5·L (L = amine) applying in-situ
EDXRD. The compounds can be obtained as phase-pure
materials in high yield from elemental Mn, Sb, S in aqueous
amine solutions at T= 100–180 8C. Suitable amines include,
methylamine (MA), 1,3-diaminopropane (DAP), N-methyl-
diaminopropane (MDAP), or diethylenetriamine (DIEN).
Therefore, this group of compounds is very suitable to study
the influence of the amine on the formation mechanisms and
the crystallization kinetics. Using L = DAP the time until the
first reflections appear in the spectrum (induction period)
strongly depends on the reaction temperature. Reducing the
synthesis temperature below 105 8C a crystalline precursor
appears first, followed by a crystalline intermediate. The
intermediate compound and the desired product are in close
relation because the intensity of the reflections of the
intermediate decline as soon as reflections of the product
appears. About the nature of this relationship can only be
speculated. The intermediate compound could not be isolated
in quenching experiments. Analogous observations, that
metastable intermediates could not be isolated were reported
by several other authors.[11a,12a] Applying L = MDAP, product
growth is faster than for L = DAP, and using L = DIEN the
fastest growth is observed. However, crystallization starts
much later owing to a longer incubation time. In contrast to
L = DAP, no crystalline intermediates or precursors could be
detected using L = MDAP. Product formation for L = DIEN
is totally different. At the beginning of the reaction, a
crystalline precursor appears which could be isolated using
quenching experiments. Chemical analysis revealed that the
precursor contained only Mn, S, and the amine. After a few
minutes, the precursor disappeared and reflections of the first
short-living crystalline intermediate could be observed,
followed by the appearance of a second intermediate which
was more stable than the first one. After this sequence of
formation of crystalline precursor/intermediates the product
Mn2Sb2S5·DIEN started to crystallize. These observations
suggest that different consecutive and/or parallel mechanisms
occur at the beginning of the reaction which are significantly
influenced by the amine used. Results of syntheses with L =

MDAP indicate that at lower temperatures nucleation is the
rate-limiting step while at elevated temperatures diffusion-
controlled reactions dominate. After a longer induction
period, the formation of Mn2Sb2S5·DIEN proceeds by diffu-
sion control. In competitive syntheses using amine mixtures
only Mn2Sb2S5·DIEN could be identified as final product, that
is, this compound is thermodynamically more stable than the
other compounds. Performing solvothermal reactions with
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crystalline Mn2Sb2S5·DAP and Mn2Sb2S5·MDAP as starting
materials in a DIEN solution a complete conversion into the
DIEN containing product is observed. Presumably the
conversion proceeds by partial dissolution of the educts
followed by immediate crystallization of Mn2Sb2S5·DIEN.

The investigations demonstrate that the crystallization of
nearly isostructural compounds may follow different mecha-
nisms and the amine supplied determines the mechanism of
product formation. Because in-situ EDXRD can only detect
the crystalline phases, information about species in the
solution and composition or the structure(s) of the critical
nuclei is missing. Such information may be acquired using
complementary methods such as EXAFS and/or SAXS.

3.1.2. Investigation of the Formation of Zeotype Zinc Phosphates

The structures of zeolites and zeolite-like materials are
determined by the synthesis conditions and the presence of
structure directing molecules, such as amines or organic
ammonium salts. The integration of heteroelements such as
zinc and the substitution of the silicate by phosphate species
leads to new open-framework structures which exhibit differ-
ent properties compared to pure Si or Si/Al containing
materials. The formation mechanisms of such phosphate
containing zeotype materials are mainly unexplored. The
complex nature of the hydrothermal formation of a zeotype
zinc phosphate was demonstrated with in-situ EDXRD
experiments.[11b] The syntheses were performed with piper-
azinium phosphate (PIP-P) and ZnO in acidic solution. After
dissolution of the starting materials a well-known zinc
phosphate I with chain structure is detected at room temper-
ature. At about 163 8C additional reflections of a second,
unknown phase II occur. A few minutes after reaching the
reaction temperature of 180 8C the reflections of I and II, as
well as those of non-dissolved ZnO are substituted continu-
ously by reflections of two other zinc phosphates III and IV.
On increasing the concentration of PIP-P, first phase I appears
which decomposes within a very short time period and the
zinc phosphate V crystallizes. The detailed analysis of the
results suggests that the transformation of I into V is a
solvent-mediated process and not a solid-to-solid transforma-
tion.

3.1.3. Metastable Modifications of NaNbO3

Oxides with perowskite structure are often utilized in
actuators, relaxors, piezo- and pyroelectric devices. Doped
NaNbO3 derivatives display piezoelectric properties and are
of special interest as lead-free alternative materials to
substitute lead zirconium titanates (PZT).[79] The compound
NaNbO3 is polymorphic and the different variants crystallize
in related perowskite-type structures.

Very recently NaNbO3 could be prepared under hydro-
thermal conditions (240 8C, Nb2O5 (1), 1m NaOH, 3 h) in the
metastable ilmenite modification. In-situ EDXRD experi-
ments performed with two different NaOH concentrations
yield a detailed picture of the reaction pathway to the final
product. Using a 1.5m NaOH solution only NaNbO3 with the
perowskite structure (P) could be obtained after 1 h

(Figure 6). During the reaction, first Na7(H3O)Nb6O19·14H2O
(2) was formed, followed by crystallization of
Na2Nb2O6·nH2O (3). Similar phases were isolated and

identified using quenching experiments.[80] On decreasing
the NaOH concentration to 1m, only the ilmenite modifica-
tion crystallized after 3 h reaction time. Again the first
compound to appear was Na7(H3O)Nb6O19·14H2O (2) fol-
lowed by crystallization of Na2Nb2O6·nH2O (3). But in
contrast to the synthesis with the higher NaOH concentration
an unknown crystalline intermediate 4 was observed before
formation of NaNbO3 with the ilmenite-type (I) structure.[19j]

3.1.4. Phase Conversion of Cobalt Hydroxides

In the examples presented above the crystallization of the
solids was only monitored with in-situ X-ray scattering. But
with this technique no information about the nature and
number of particles which are formed during and after
crystallization can be acquired. Such information can be
obtained simultaneously combining in-situ EDXRD with
SAXS and WAXS. Applying this combination of techniques,
the phase conversion of different a-CoII hydroxides into the
b-modification could be clarified.[19e] The layered cobalt
hydroxides crystallize in different modifications and the a-
form is of more interest for electrochemical applications than
the b-polymorph. The structure of the a-form consists of
positively charged Co(OH)2�x layers with charge compensat-
ing anions located in the interlayer spaces. In contrast, the b-

Figure 6. In-situ EDXRD patterns of the hydrothermal formation of
NaNbO3. Explanation of the numbers and letters is given in the main
text.[19j] Reproduced with permission from the Royal Society of Chemis-
try (RSC).
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form contains neutral layers. The a-Co(OH)2�xYx-phases
(Y= anion) spontaneously converts into the b-form when
they come in contact with alkali cations, and little is known
about the pathway of the conversion reactions. The con-
version of Co(OH)1.4(NCO)0.6·0.6 H2O (5) into b-Co(OH)2 (8 ;
Figure 7) is diffusion controlled while the conversion of

Co(OH)1.6Cl0.4·0.4H2O (7) into 8 follows phase boundary
control. Interestingly, the transformation of Co(OH)1.5-
(NO3)0.5·0.6 H2O (6) into 8 is accompanied by the occurrence
of a crystalline intermediate which could be identified as a-
Co(OH)2 with Co2+ ion in a tetrahedral environment and a
larger interlayer distance. The changes observed in the in-situ
SAXS curves recorded during the conversion of 7 into 8
indicates that a large number of particles are formed at the
very beginning of the transformation followed by a reduction
of the particle number until a stationary state is reached. The
alterations of the intensities in the SAXS and WAXS curves
during the reaction are caused by Ostwald ripening, that is,
larger and better crystalline particles grow at the expense of
smaller ones. The results of the in-situ studies indicate that the
phase conversions proceed by a dissolution–reconstruction
mechanism.

3.1.5. Formation of the Hybrid Compound [Co(C6H18N4)][Sb2S4]

Scattering experiments allow the characterization of
particles over different length scales. But the species in
solution and their local structure cannot be probed. The local
and long-range structural information can be acquired
combining X-ray absorption fine structure with X-ray scatter-
ing techniques. Applying this combination of analytical
techniques, a sequence of reaction steps could be postulated
for the hydrothermal crystallization of the layer compound
[Co(C6H18N4)][Sb2S4].[7] In most syntheses the product reflec-
tions grow simultaneously after an induction period (Figure 8,
top) while during some syntheses first only one reflection
appeared and the remaining reflections occurred in the
EDXRD spectra at a later stage (Figure 8, bottom).

The in-situ XAFS experiments performed on the Sb K-
edge give strong indications that direct after the start of the
reaction [SbS3/SbS4]

3� ions are present in solution. These

anions and the [Co(C6H18N4)]2+ ions in the solution condense
to form single layers (Figure 9). The significant drop of the Sb
K-edge signal is caused by the formation of an amorphous
phase, which precipitated. Subsequently, after occurrence of
the amorphous intermediate, either the product crystallizes

Figure 7. The phase-conversion reactions of different Co hydroxides.[19e]

Reproduced with permission from the Royal Society of Chemistry
(RSC).

Figure 8. Time-resolved powder patterns of a reaction at 120 8C show-
ing the different crystal-growth behavior of the hybrid compound. Top:
typical example representing most of the synthesis; bottom: in about
1/3 of the experiments a different growth behavior is observed. The
most intense reflections of the product [Co(tren)][Sb2S4] and the SbKa

fluorescence are marked and the escape peak is labeled with esc.[7]

Reprinted with permission from Ref. [7]. Copyright 2011 American
Chemical Society.

Figure 9. Formation mechanism of [Co(C6H18N4)][Sb2S4].
[7] Co green,

Sb gray, S yellow; tren = tris(2-aminoethyl)amine. Reprinted with per-
mission from Ref. [7]. Copyright 2011 American Chemical Society.
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directly (Figure 8, top and Figure 9) or a pre-oriented
intermediate occurs which is transformed into the final
long-range-ordered product by reorganization as the reaction
progresses (Figure 9).

3.1.6. Zinc-Substituted Aluminophosphates

The whole length scale, starting from the atomic environ-
ment, over particle sizes, to the formation of crystallites can
be probed simultaneously by applying combined in-situ
SAXS, WAXS, and XAFS investigations. Such a combination
of complementary methods was used to study the temper-
ature dependent crystallization of a zinc-substituted alumi-
nophosphate from a gel (Figure 10). The evaluation of the

SAXS curves reveals that particle sizes increase only slightly
from about 11.5 to 12.3 nm between 25 and 95 8C (start of
crystallization, Figure 10 c). The evaluation of the reflection
widths in the WAXS patterns yields a value of about 12 nm
for the crystallite sizes. Between 95 and 160 8C the crystallites
grow further reaching a size of approximately 54 nm. The
crystallization kinetics suggests a three-dimensional growth
with decreasing nucleation rate. The XAFS spectra of the Zn
K-edge clearly show the presence of Zn2+ ions in a tetrahedral
environment during reaction. But just at the beginning of
crystallization a change of the features of the Zn K-edge
occurs which becomes more prominent during crystal growth
(Figure 10 a). The change is associated with the incorporation
of the Zn2+ ions in the crystal structure. Before the
appearance of the first reflections in the WAXS curve, the
average particle size is about 12 nm, which is maintained after
crystallization (Figure 10b). This observation can be
explained with two scenarios: either critical nuclei were
formed in the gel or a transition from an amorphous to a

crystalline phase leads to the formation of the product. The
Zn2+ ions seem to fulfill two different functions: they act as
nucleation centers and they exert a structure-directing effect
because the product does not crystallize with the expected
AFI topology but with the cubic CHA topology.

3.2. Investigations of the Formation of Silicalites in Fluid Media

Before nucleation of a solid from a solution starts
numerous complex reactions happen which proceed succes-
sively and/or parallel. The species involved in these reactions
feature sizes between that of molecules and those of nano-
crystallites and many in-situ techniques cannot probe such
small objects. Such species in solution can be identified with
in-situ mass spectrometry, and temporal as well as temper-
ature-dependent alterations can be monitored. An example is
the investigation of the mother liquids for the synthesis of
silicalite-1 and silicalite-2.[53c] After ageing the liquids for 24 h
at room temperature, the mass spectrum displays signals for a
broad distribution of silicate species with masses up to m/
z 2050. The most intense signal can be assigned to a silicate
anion with composition (Si32O69H9)

� (a 32-mer). But no
structural assignment is possible for this anion. Less intense
signals arise from the prismatic hexamer Si6O15H5

� and the
cubic octamer Si8O20H7

� (Figure 11a). In the mass spectrom-
eter, reactions occur in the gas phase between the structure-

Figure 10. In-situ XANES (a), WAXS (b) and SAXS (c) curves recorded
during the formation of the zinc-substituted aluminophosphates. The
evaluation of the SAXS curve is displayed in (d). Reprinted with
permission from Ref. [81]. Copyright 2011 American Chemical Society.

Figure 11. Mass spectra of the TEOS–TPAOH–H2O mixture a) before
heating, b) after 6 h, and c) after 61 h heating at 92 8C. The polyhedra
show the shapes of the related silicate oligomers.[53c] TEOS= tetraethy-
lorthosilicate, TPAOH= tetrapropylammoniumhydroxide.
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directing molecules and the silicate species leading to
satellites in the spectrum with defined mass differences.
With increasing reaction time at 92 8C a significant shift
toward lower masses is observed and after 61 h the hexamer is
the most abundant species in solution (Figure 11 b,c). The
simultaneous observation that the clear solution turned
opaque is an indication for the formation of colloidal particles
which could not be analyzed with the spectrometer used. The
formation of zeolite crystals and of amorphous colloids leads
to a reduction of the concentration of silicate species and
structure-directing molecules in solution and accordingly to a
depolymerization of oligomers. Furthermore, no dominating
silicate species are detected in the mass spectra neither as
transient nor as stationary species. Instead a broad distribu-
tion of diverse silicate building units is detected. All these
results suggest that no distinct course of formation exists were
a highly specific silicate unit is involved but rather the whole
silicate-species pool acts as reservoir for crystal formation and
growth. On the basis of these investigations it was not possible
to decide whether monomers or different oligomers are the
nucleation and crystallization centers. Because particles with
sizes larger than about 1 nm exhibit huge masses beyond the
mass limit of the spectrometer, the further growth could only
be monitored with dynamic light scattering. It should be
highlighted that on using a different structure-directing
molecule, the same silicate species were identified but
significantly differing kinetics of formation of these building
units was observed.

3.3. Fast Precipitation Reaction in Solution

The precipitation of a solid in a solution is very often a
rapid process and the early stages of particle formation such
as shape, size, and growth cannot be monitored using slow
methods such as light-scattering techniques. A specifically
constructed flow-jet cell allowed the investigation of the
precipitation of ZnS by in-situ SAXS (and also in-situ UV/
Vis) on a ms scale (Figure 12).[82] A ZnCl2 solution is injected
into a H2S atmosphere and the formation of ZnS is recorded
along the jet stream, and after just 17 ms scattering by particles
could be verified.

At the beginning, the particles are very small (Guinier
approximation, qR ! 1) and grow very fast from around
12 nm to about 25 nm within only 30 ms. By t> 70 ms the
growth is so fast that now the Porod approximation (qR @ 1)
must be used for the interpretation of the data. The

evaluation demonstrates that the density of the ZnS particles
increases between 80 and 400 ms but the particle radius
remains the same. This is a clear indication for further
nucleation of ZnS but the growth of the particles is much
slower. For t> 400 ms the particles become larger because of
the increasing agglomeration rather than the growth of the
crystallites.

3.4. Crystallization of Solids by Deposition at Low Temperatures

Theoretical calculation performed for LiBr revealed that
it should be possible to kinetically stabilize polymorphs
crystallizing in the wurtzite- or sphalerite-type structures as
well as in the stable a-LiBr (NaCl structure; Figure 13).[66a]

Indeed phase-pure b-LiBr with wurtzite-type structure
could be prepared by depositing LiBr at low temperatures
under a defined LiBr partial pressure. Using in-situ X-ray
diffraction, the phase transition into the stable NaCl structure
could be monitored (Figure 14). At �50 and �30 8C

Figure 13. E/V curves of selected structure candidates with low energy
on the LiBr energy landscape. The local optimization of each
polymorph was carried out with ab-initio algorithms
(EMin=Wurzite =�20.83888 Hartree).[66a]

Figure 12. Schematic representation of the flow-jet cell. Reprinted with
permission from Ref. [82]. Copyright 2011 American Chemical Society.

Figure 14. X-ray powder pattern of LiBr deposited at �50 8C). Patterns
from top to bottom: �50 8C (wurtzite-type), �30 8C (wurtzite-type),
�10 8C (wurtzite and NaCl structure), 10 8C and 25 8C (NaCl struc-
ture); thick vertical bars: b-LiBr.[66a]
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(Figure 14) only reflections for b-LiBr are observed. On
increasing the temperature to �10 8C (Figure 14) the reflec-
tions of both phases coexist and at 25 8C only a-LiBr can be
identified. The phase transition is accompanied by a volume
reduction of about 20 %, which is typical for the trans-
formation of a metastable into the stable modification
(Ostwald–Vollmer rule).

3.5. Crystallization of Solids from Gels

Yttrium-stabilized zirconium oxide exhibits a very high
fracture toughness and a high strength, and is utilized for
example, in machinery construction and in forming processes.
Owing to its excellent biocompatibility, stabilized ZrO2 is also
applied in the prosthetic dentistry. Pure ZrO2 is polymorphic
and doping with about 3 mol% Y2O3 stabilizes the metastable
tetragonal modification at room temperature and at higher
doping levels the high-temperature cubic form can be
stabilized at room temperature. The crystallization of
yttrium-stabilized ZrO2 from a gel was studied with
ASAXS and the evaluation of the data yields a comprehen-
sive picture of the temperature-dependent formation.[83] A
xerogel pellet was used as the starting material and heated to
1000 8C with a heating rate of 10 8Cmin�1. The ASAXS curves
were collected at six different energies with a time resolution
of about 20 s. The results are schematically summarized in
Figure 15. At the beginning Zr and Y primary particles with

sizes of 1–2 nm are homogeneously distributed in the xerogel
(Figure 15, top left). At about 380 8C nucleation of zirconium-
containing particles with the tetragonal ZrO2 modification
occurs which then grow (Figure 15, top right) integrating
yttrium-containing particles in the ZrO2 matrix (Figure 15,
bottom left). During Y uptake a phase transition into the
cubic modification occurs, that is, in a distinct temperature

range inhomogeneities are present which disappear when Y is
completely incorporated in the ZrO2 matrix (Figure 15,
bottom right). The nucleation of ZrO2 is accompanied by a
pronounced increase of the particle size (Figure 15, top left
and right).

3.6. Reactions between Solids and Gases

Anionic conductors are employed in different areas such
as fuel cells or in lambda probes. In these materials the O2�

ions are mobile at elevated temperatures. For special
applications, materials with a high mobility of N3� ions are
of great interest, these may be occur in oxynitrides. Gallium
oxide Ga2O3 can be transformed to GaN in an ammonia
atmosphere at elevated temperatures. An interesting question
is whether intermediate gallium oxynitrides are formed
during the reaction, which could be mixed anionic conductors.
Using time-resolved in-situ EXAFS during the ammonolysis
of Ga2O3 (Figure 16; QEXAFS mode, T= 660–840 8C) it

could be demonstrated that Ga2O3 and GaN are always
simultaneously present until full conversion to GaN is
reached, that is, no additional phases appear.[84] In Figure 16
it can clearly be seen that during the reaction only small
changes occur in the first coordination shell around Ga. In
contrast, pronounced alterations are observed for the second
shell caused by the different environments of Ga in GaN and
Ga2O3. In GaN the Ga atom has a clearly defined second
coordination shell consisting of 12 Ga neighbors at 3.18 �,
while the second shell around Ga in Ga2O3 is relatively
“diffuse” containing 20 Ga neighbors at a distance between
3.04 and 3.44 �. The rate-limiting step of the reaction is the
formation of GaN at the interface between the GaN nuclei
and the Ga2O3 matrix. In ex-situ recorded TEM micrographs
GaN nuclei could be identified. The oxidation of GaN to
Ga2O3 proceeds by shrinking of the GaN particle core
(Figure 17) and the formation of Ga2O3 at the interface to
GaN is the rate-determining step of the reaction.

Figure 16. Change of the radial EXAFS distribution recorded during
ammonolysis of Ga2O3 at 780 8C.[84] Reproduced with permission from
the Royal Society of Chemistry (RSC).

Figure 15. Reaction scheme for the formation of yttrium-stabilized
ZrO2.

[83] Y primary particles (green), Zr primary particles (blue), Y-
stabilized ZrO2 (red). See text for details. Reprinted with permission
from Ref. [83]. Copyright 2011 American Chemical Society.
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3.7. Solid–Solid Reactions

Self-propagating high-temperature syntheses (SHS) are
promising methods for the preparation of alloys and high-
temperature ceramics.[85] The in-situ investigation of SHS
reactions is challenging owing to the very fast reaction rate.
Recently the reaction of Al with Ni was investigated by in-situ
X-ray scattering with a time resolution of 100 ms
(Figure 18).[86]

First a powder pattern was recorded at room temperature
then the reaction was initiated. During the reaction, 120 pat-
terns were collected within 16.2 seconds and another pattern
was recorded at the end of the reaction. After start of the
reaction, a temperature of about 1550 8C is reached within
200 ms. The reaction can be divided into different stages:

between t = 0 and 0.135 s reflections of Al and Ni disappears,
the background increases, and new reflections of AlNi can be
identified. Between 0.135 and 6.345 s the reflection positions
of AlNi shift and the intensity of the reflections increase; in
addition some weak extra reflections appear, which can be
indexed on the basis of Al3Ni. The (110) reflection of AlNi
becomes broader and asymmetric, the background in the
pattern decreases. Between t = 6.345 and 11.205 s all the
reflections shift towards lower d-values accompanied by a
slight increase of the intensities and new reflections of Al3Ni2

start to grow. At the end of the reaction a mixture is found
composed of AlNi and Al3Ni2 with small amounts of Al3Ni
and Al3Ni5. The results suggest the following scenario for the
reaction: melting of Al initiated the reaction and the temper-
ature of 1550 8C is near the melting point of AlNi and higher
than the melting points of all other Al–Ni phases. During
cooling the different phases crystallize and because heating
and cooling processes are too fast no equilibrium is reached.

4. Summary and Outlook

During the last few years a dynamic development has
taken place in instrumentation, both of laboratory equipment
as well as of major research institutions. Hence, powerful in-
situ methods are available to investigate the formation of
solids, in an element-specific way, under real reaction
conditions, on different time and lengths scales. But many
experiments can only be performed if the required sample
environment is available. As mentioned above such apparatus
have to be designed and built which requires the logistics and
the appropriate equipment. But the examples presented
herein demonstrate that in-situ investigations contribute
significantly to a better understanding of the formation of
crystalline solids. Even the study of a reaction with only one
method may lead to a comprehensive picture about the course
of the crystallization of a solid. For a clearer understanding
about the formation of crystalline solids complementary
methods that are sensitive towards different stages of crystal
formation should be used, that is, the information content
increases with increasingly complementary in-situ experi-
ments. But it must be noted that at the same time, the time
scale and the experimental effort significantly increase, which
must be considered during the planning phase of an experi-
ment. Moreover, the level of expenditure compared to the
value of the results should be carefully considered. When
performing experiments with synchrotron radiation it is
essential to remember that the intense radiation is focused
on a diameter of a few mm which may influence chemical
reactions in an unwanted way.[87]

Despite the increase of in-situ studies we are far away
from formulating a thorough view of the formation of
crystalline solids or “designing” such crystalline solids. Never-
theless, this is not surprising considering the large number of
crystalline materials, their variable chemical compositions,
and the multitude of synthetic methods. Every result of an in-
situ investigation may add a small piece in an immense jigsaw
puzzle. Compared to the enormous number of publications
reporting the synthesis and characterization of a new

Figure 18. Powder patterns recorded during a typical SHS experiment
of a Al–Ni sample, see text for details.[86] Reprinted from Ref. [86],
Copyright 2011, with permission from Elsevier.

Figure 17. Schematic illustration of the reaction path from GaN to
Ga2O3. With increasing reaction time the size of the GaN core is
reduced.[84] Reproduced with permission from the Royal Society of
Chemistry (RSC).
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crystalline solids, the number of reports about in-situ studies
of the formation of crystalline solids is still very small. Hence,
it is desirable and our opinion that many more such in-situ
experiments should be performed. The necessity to perform
in-situ studies using different combinations of analytical
techniques[88] was recognized a long time ago in the area of
catalysis. The results of these experiments significantly
enhanced the understanding of catalytic reactions.

The necessity to pool the skills of scientists of different
scientific areas in a nationwide program was recognized in
Great Britain a couple of years ago (Basic Technology
Programme “Control and Prediction of the Organic Solid
State”; cposs). Recently, a new project was launched in
Germany where the fundamental steps of the formation of
crystalline solids (model compounds) should be investigated
experimentally and theoretically. In the priority program 1415
of the German Science Foundation (DFG), with the title
“Crystalline Non-Equilibrium Phases—Synthesis, Character-
ization, and In-Situ Investigation of Formation Mechanisms”,
the necessary basic information for more directed syntheses
of metastable crystalline solids should be developed. In a
subproject a new in-situ cell is to be developed for the
investigation and control of crystallization. This cell is to be
used by all the participants of the program. At first the cell is
used for investigations in fluid media and is equipped with
measuring probes recording and regulating simultaneously
parameters including temperature, pressure, pH value, con-
ductivity, redox potential, and concentration.

New developments in the area of size- and time-resolved
methods like nonlinear optical spectroscopy (NLO, second
harmonic generation, hyper-Raleigh-scattering) may be addi-
tional important steps for the investigation of formation of
crystalline solids. Several publications about the investigation
of colloidal interfaces,[89] the formation of amphiphilic poly-
ester micelles,[90] or the time-resolved investigation of the
crystallization of ZnO in the sub 10 nm region[91] demonstrate
the large potential of these optical methods. The advance-
ment of the analysis of optical absorption spectra allows the
determination of size distribution, solubility, and surface
energy of particles in the nanoscopic regime, that is, at the
beginning of the formation of a crystalline solid.[92]

The information gap between X-ray scattering (long-
range, crystalline state) and XAFS (local environment) may
be closed using pair distribution function (PDF) analyses.
This method has been applied to the analysis of solids for
several years,[93] but to date it is not used for in-situ experi-
ments. But it can be expected that more in-situ scattering
experiments will be performed in the near future due to the
development of very sensitive and fast detectors like the
Pilatus detectors.
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