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Abstract: At elevated temperatures, the ionic liquid precursor (ILP) tetrabutylammonium
hydroxide reacts with zinc acetate and the glass wall of the reaction vessel. While the
reaction of OH™ with the glass wall is not surprising as such and could be considered a
failed experiment, the resulting materials are interesting for a variety of applications. If
done on purpose and under controlled conditions, the reaction with the glass wall results in
uniform, well-defined hemimorphite ZnsSi,07(OH),'nH,O and willemite Zn,SiO4
microcrystals and films. Their morphology can be adjusted by variation of the reaction
time and reaction temperature. The hemimorphite can be transformed to Zn,SiO4 via
calcination. The process is therefore a viable approach for the fabrication of porous films
on glass surfaces with potential applications as catalyst support, among others.

Keywords: Ionic liquids, willemite, hemimorphite, catalysis, high surface area, inorganic
sponges
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1. Introduction

Because of their interesting structures, properties, and applications, biological and synthetic
nanoscale materials are one of the top research areas these days [1-13]. Nanoparticles in particular
have gained tremendous attention. Typically, aqueous and organic solvents have been used for
inorganic nanoparticle synthesis in the laboratory [14, 15]. Ionic liquids (ILs) have in the recent past
also gained increasing attention [16-19]. ILs have successfully been used for the synthesis of inorganic
materials and surfaces as well [16, 17, 19-22]. In some cases, ILs lead to materials that are not
accessible via other methods [20, 22-28] and in a few cases, ILs have even been shown to be solvents
for metal oxides [29]. For example, the reaction of titanium alkoxides with traces of water in ILs
provide easy access to hollow TiO, spheres [25] and ionothermal synthesis yields well-defined metal
phosphates [22, 26, 30-33]. ILs also enable the controlled, low temperature synthesis of anatase and
rutile [27], ceria and silica with well-defined pores [16, 34, 35], and different alumina phases [36]. ILs
are therefore an interesting reaction medium for the fabrication of inorganic nanostructures. As a
result, inorganic synthesis in ILs, including mixtures of ILs with other solvents like water or toluene,
has been studied intensely over the last years [16, 17, 19, 22, 30, 37].

More recently, ILs and ionic liquid crystals (ILCs) [38] have been designed such that they act as
solvent-reactant-templates, that is, the IL is the solvent, the template, and the reactant for the
controlled formation of an inorganic material at the same time. These reactive IL(C)s have been
termed ionic liquid crystal precursors (ILCPs) [39] and ionic liquid precursors (ILPs) [40],
respectively. For example, we have used ILCPs for the fabrication of CuCl platelets [39, 41, 42]. We
have also shown that crystalline ILCP analogs are precursors for Au platelets and that
tetrabutylammonium hydroxide (TBAH) is an ILP for various metal oxides [43-47]. Other research
groups have modified our original approach [39] to fabricate inorganics with well-defined properties
from ILPs and ILCPs [40, 48-50].

Of particular interest to the current work is a report by Zhu et al., who have shown that
alkylammonium zinc complex/tetramethylammonium hydroxide mixtures are ILPs for the ionothermal
synthesis of well-defined ZnO microparticles [40]. We have extended this approach and shown that the
ILP TBAH, that is, the butyl analog of the hydroxide compound used by Zhu et al., can be used for the
fabrication of ZnO/carbohydrate hybrid materials [46]. Furthermore, unique hollow zinc oxide
mesocrystals can also be grown by reaction of TBAH with zinc acetate [44].

The current paper shows that the ILP TBAH also leads to zinc silicates with uniform and complex
morphologies, albeit (up to now) not to single-phase materials. The zinc silicates form if the
temperature of the reaction medium (the ILP), the vapor phase above the IL, and especially the glass
wall of the flask where the reaction is conducted, are significantly higher than in a previous study,
where pure ZnO with unique hollow rod morphologies was obtained [44]. The current approach could
for example be useful for the in situ modification of glass tubes or surfaces with a catalytically active
material, hemimorphite or willemite.

2. Results and Discussion

In short, TBAH (5 g) was heated in a 25 mL flask to ca. 50 °C until the IL was liquid. Upon cooling
to ca. 30 °C, Zn(OAc);, dihydrate (50 mg) powder was added. The flask was immersed in the oil bath



Materials 2008, 1 5

such that also the volume of the flask above the reacting liquid was immersed in the oil bath. After
twelve hours, a thick (up to ca. 0.5 mm) white film formed on the glass walls of the flask. After 30
hours, the white solid was recovered via centrifugation, washing with water and ethanol, and drying.
Figure 1 shows representative X-ray diffraction (XRD) patterns of several samples. XRD shows
that after 30 hours of reaction at 130 to 135 °C (temperature of the glass wall of the reaction vessel),
the precipitate appears well-crystallized, which is evidenced by the narrow reflections. Analysis of the
powder pattern however reveals that the sample is a mixture of hemimorphite Zn4Si,07(OH),-nH,O
(JCPDS 00-05-0555), willemite (JCPDS 00-037-01485), and y-Zn(OH), (JCPDS 00-020-1437). The
presence of zinc hydroxide is somewhat surprising, as the reaction temperature is higher than in our
previous work [44, 46], where single phase zincite (ZnO) was obtained at somewhat lower

temperatures.

Figure 1. XRD patterns of a precipitate obtained after 30 hours of reaction time and the
same sample after calcination at 300 and 800 °C, respectively. (x) denotes the y-Zn(OH),
110 reflection.
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Calcination between 300 and 500 °C leads to a rather complex mixture of hemimorphite, zincite
Zn0O, and willemite Zn,Si104. Calcination at 600 °C completely transforms the hemimorphite precursor
into willemite. Here, the reflections in the XRD patterns are rather broad, which indicates the presence
of small crystallites, a large number of defects, or the presence of multiple structures that could not be
identified.

The reflection at 11° 20 in the XRD pattern of the as-precipitated sample is the (110) reflection of y-
zinc hydroxide. Its absence after calcination even at only 300 °C shows that, unlike the silicates, the
transformation of zinc hydroxide into zincite can, as expected, be achieved at relatively low
temperatures.

Calcination at 700 °C and higher leads to willemite and zincite and the XRD patterns show
relatively narrow and well-developed reflections. This indicates that here the crystals have much larger
coherence lengths and much less defects than samples calcined at lower temperature. These data also
clearly show that unlike the transformation of Zn(OH), to ZnO, the transformation of the
hemimorphite component of the sample to willemite requires higher temperatures.
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Figure 2 shows "H-NMR and *’Si magic angle spinning (MAS) NMR spectra of an as-prepared
sample. While XRD experiments suggest that the as-prepared sample consists of the compounds
hemimorphite Zn4Si,07(OH),'nH,0, willemite Zn,;SiO4, and y-zinc hydroxide, solid state NMR
(SSNMR) clearly shows that there are several species present. The peak at -76.8 ppm can be assigned
to Q' silicate units in hemimorphite [51] and the peak at —66 ppm is due to the presence of willemite
[52]. The downfield resonances fall in the chemical shift range characteristic of Q" silicate units, but
the assignment of the peak at -62.7 ppm is unclear.

Figure 2. *Si-MAS and 'H-*Si CP MAS SSNMR spectrum of an as-prepared sample.
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The *°Si chemical shifts in zinc silicates depends on the degree of condensation of the silicate units,
the Si-O-Si angles and the number of Zn atoms in the first coordination sphere of silicon [53-56]. The
very slow "H-’Si CP/MAS kinetics with long T, times suggests that the peaks at -62.7 and -76.8 ppm
correspond to silica units which do not bear protons in close proximity to silicon atoms. In contrast,
the peaks at -66.5 and -68.5 ppm feature much faster CP-kinetics. This indicates much stronger 'H->Si
heteronuclear dipolar interactions which can be explained by the shorter "H-*’Si distances.

The 'H source for the as-synthesized materials mainly consists of Si-OH protons and protons from
water molecules in the structure as suggested by the values of 'H chemical shifts for the main broad
resonances. These values are consistent with the previously reported data for silicate-based minerals
[57].

The nature of the connectivities in the precipitate was probed using 'H-*’Si Heteronuclear
Correlation (HETCOR) spectroscopy (Figure 3). Two broad lines in the 'H dimension correlate with
different *°Si sites. The main *’Si resonances at -62 and -78 ppm show most intense correlating cross-
peaks with different proton resonances, indicating that these silicon sites are present in different
structures. On the other hand the *°Si peaks at -78 and -68 ppm show the most intense cross-peaks with
identical 'H sites. A similar pattern is observed for the *Si sites at -62 and -64 ppm indicating that
these peaks represent identical phases. One should bear in mind that the broadness of 'H lines makes
the assignment additionally difficult.

Energy dispersive X-ray spectroscopy (EDXS, see Figure 4) only detects Si, Zn, and O and hence
supports our XRD and SSNMR structure assignment. The chemical composition of the precipitates has
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been further confirmed by atomic absorption spectroscopy (AAS). Table 1 summarizes the sample
compositions as determined from SSNMR and XRD experiments.

Figure 3. "H-*’Si Heteronuclear Correlation (HETCOR) spectra.
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Table 1. Crystal structures as a function of calcination temperature T, determined from

XRD and SSNMR.

Teale. Phase 1 Phase 2 Phase 3
-—= Zn4Si207(OH)2*1’1 HzO Zl’leiO4 ’Y—Zn(OH)z
300 Zn4Si207(OH)2*n H20 Zl’leiO4 Zn0O

400 Zn4Si,07(OH),*n H,O Z1n,S104 7Zn0O

500 7Zn4Si1,07(OH),*n H,O Zn;Si0y4 Zn0O

600 Zn;Si0y4 Zn0O

700 Zn;Si10y4 Zn0O

800 Z1n,S104 Zn0O

1000 Zn;Si0y4 Zn0O

Figure 4 shows scanning electron microscopy (SEM) images of the precipitates. SEM reveals that
the samples have a rather complex morphology after 20 hours of reaction time. The as-prepared
precipitate consists of near-rectangular plate-like crystals, which have grown into a dumbbell-like
overall morphology. The dumbbells are composed of individual, well-developed, rectangular plates
with lengths of up to several hundred nanometers. This morphology is strikingly different from zinc
silicates reported in the literature. Roy et al. reported the formation of spherical particles with a
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diameter of ca. 50 nm [58]. Wei et al. reported the formation of wires with a length of up to several
micrometers [59].

Figure 4. SEM of the as-precipitated zinc silicate after 20 hours of reaction time. Inset:
EDX spectrum.
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In part this different morphology can be assigned to the different synthesis process. Our materials
are grown in a hydrated ionic liquid at moderate temperatures and ambient pressure. The other
materials are made via chemical vapor synthesis from an organometallic single-source precursor [58]
or via a thermal evaporation and condensation process [59]. This rather different approach makes a
comparison difficult, yet it also shows that our approach is a viable option for the fabrication of zinc
silicates with completely different morphological characteristics.

The complex shape of the precipitates with plates that grow in the same general direction, but start
to branch with increasing distance from the center, suggests that the particles form to some extent via
self-similar growth. This is qualitatively similar to fluorapatite, calcium carbonate, barium carbonate,
and barium sulfate, which have also been reported to form via self-similar growth in the presence of
polymeric additives. For example, a stepwise growth of fluorapatite aggregates in a gelatin matrix
from rods to peanuts, dumbbells, notched spheres, and finally spheroids with a complex inner structure
has been reported by Kniep and coworkers [60-68]. The fractal branching of successive generations of
rods, that is, the self-similar growth, and the overall symmetry of the self-assembled aggregates have
been explained with intrinsic electric fields, which take over control of aggregate growth [60].

This mechanism was also used to explain the growth of CaCO; and BaCOs in the presence of
polymeric additives [69-78]. In addition, Colfen et al. suggest that the probability of nucleation on the
side-surfaces of rodlike or ellipsoidal primary particles plays an important role in determining the final
morphology of BaSOuparticles [79]. According to this, the outward bending of a new generation of
subcrystals is due to nucleation and growth of the new crystals on the already existing side faces of
subcrystals that have formed earlier. Colfen and colleagues further suggest that too high tilt angles
weaken the “templating” by the existing subcrystal, and that this is the limiting factor for the final
particle morphology.

Here, SEM provides clear evidence for a self-similar growth and the current paper is therefore the
first example of self-similar crystallization from an IL. To date the driving force for the formation of
the complex architecture of the precipitates is not clear yet. However, willemite has a polar crystal
lattice [80], which could account for a similar growth mode. Hemimorphite also has a polar lattice [81],
and (in geological species) tends to grow as thin, tabular crystals that show hemimorphism (different
crystal terminations on either end of the prism form). Also in geological samples, hemimorphite often
grows as fan or sheaf-like crystals [80]. This is consistent with the morphology of our samples
(although on a different length scale), which suggests that the hemimorphite component in the samples
controls the morphology of the precipitates observed in the SEM. This is further supported by the more
intense hemimorphite signal at -76.8 ppm in the *’Si-SSNMR spectra.

Figure 5 shows a transmission electron microscopy (TEM) image of a sample isolated after 30
hours. The individual platelets have a well-developed shape with sharp edges. The uniform gray level
of individual particles indicates that their thickness is essentially the same over the whole platelet and
the absence of bend contours shows that the platelets are, unlike many metal nanoplates, stiff enough
to not bend significantly on the TEM grid. Electron diffraction confirms the crystallinity of the sample.
The morphology of the plates observed in both SEM and TEM experiments strongly suggests a single
crystalline nature of the individual plates.

The presumed single crystal nature of the plates raises the question whether or not individual plates
are composed of both silicates and y-zinc hydroxide or if each plate is a single phase compound.
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However, attempts to study an individual plate by electron diffraction to determine whether each plate
is a single crystal and a single phase compound have so far failed due to the high stability of the
aggregated particles and the corresponding difficulty to isolate individual platelets.

Figure 5. TEM image and electron diffraction pattern of platelets obtained after 30 hours
of reaction time.

200 nm

Figure 6 shows SEM images of calcined samples. SEM shows that the particle morphology is only
weakly affected by calcination. The only, rather qualitative, difference is that the plates appear to have
sharper contours than before calcination. Other changes, including growth or further aggregation of the
plates have not been observed. EDXS and AAS again only detect Si, Zn, and O (EDXS) or Si and Zn
(AAS), respectively, and therefore support our XRD structure assignment summarized in Table 1.

During the mineralization process an oily second phase develops on the surface of the reaction
solution. NMR reveals that the oil is tributylamine. As the tetrabutylammonium cation eliminates 1-
butene at high temperatures [82], the formation of the oily tributylamine phase is not surprising. As
amines (although usually primary or secondary amines) can coordinate to transition metals, it is
possible that some organic material is incorporated into the zinc silicates formed here. However, both
thermal and elemental analysis as well as SSNMR and infrared (IR) spectroscopy show no evidence
for incorporation of organic material.

Figure 7 shows thermogravimetric analysis (TGA) and derivative (DTG) data from an as-
precipitated sample. TGA curves show a slow but continuous weight loss from room temperature to
ca. 350 °C, which we assign to the loss of bound surface water and possibly to the dehydration of y-
zinc hydroxide Zn(OH), to zincite ZnO and the beginning transformation of hemimorphite to
willemite. This is supported by XRD measurements (Figure 1), which find that already calcination at
300 °C transforms the Zn(OH), into ZnO, while the complete transformation of hemimorphite to
willemite requires higher temperatures.

The TGA curves only show one sharp weight loss of 8 to 10 % of the original mass at 350 °C,
which is followed by another, very slow weight loss up to 1000 °C. This indicates that a single process
is responsible for the weight loss at 350 °C, presumably the transition from hemimorphite to willemite.
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The subsequent minor and very slow weight loss is assigned to the fact that complete transformation to

willemite requires temperatures of 600 °C and more and the dehydration to willemite hence continues
up to 1000 °C in the dynamic TGA experiment.

Figure 6. SEM images after calcination at (a) 300 and (b) 800 °C showing that the

morphology of the particles does not change upon calcination. Inset: EDX spectrum of
the sample calcined at 800 °C.

Figure 7. TGA and DTG curves of the as-prepared sample in air. Note that the relative
weight scale (TGA) is only from 85 to 101 wt%.
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Elemental analysis finds only 0.647 + 0.006 % of N, 0.283 + 0.002 % of C, and 0.607 £+ 0.006 % of
H. The presence of these elements can be assigned to the incorporation of some organic material.
These data further confirm that the weight losses observed in TGA are not due to incorporation of
organic material into the minerals, but much rather that the above explanation of dehydration and
phase transitions applies.

Crystallization and morphogenesis.

The formation of such complex nano- to microscale materials often follows a more or less intricate
multistep pathway. For example, Colfen and colleagues have recently pointed out that the formation of
calcium carbonate particles can either proceed via classical crystallization, that is, the attachment of
single ions to an existing crystal surface, or via different non-classical pathways, which lead to meso-
or polycrystals [69-78, 83]. In order to elucidate the growth of our complex silicate particles, we have
performed time-resolved crystallization experiments.

Figure 8 shows representative XRD patterns from samples isolated after 20 and 30 hours. Both
patterns are essentially the patterns of hemimorphite and willemite, but a more detailed analysis shows
that some hemimorphite reflections only appear late in the particle formation process. With the
exception of 022 and 251, all reflections appearing late are h00, hkO or 0kO reflections. This suggests
that the particles first grow preferentially along the crystallographic a- and b-axes and only after some
time, further growth along the c-axis becomes more pronounced. Such a growth mechanism would
also account for the platelike morphology, where the a- and b-axes run along the long and short axes of
the hemimorphite nanocrystals. The c-axis would then be parallel to the shortest particle axis, the
thickness of the plates. As stated above, we have not been able to obtain clear electron diffraction
patterns to confirm this hypothesis, but further experiments in combination with Rietveld refinement

are underway.

Figure 8. XRD patterns of an as-prepared sample isolated after 20 hours (bottom) and
after 30 hours (top). Only the reflections appearing between 20 and 30 hours of reaction
time are labeled. (x) denotes the y-Zn(OH), 110 reflection, which is only found in the as-
precipitated samples.
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Figure 9. SEM of samples isolated after different reaction times. (a) 10 hours, (b) 16
hours, (¢, d) 26 hours, (e) 20 hours, (f) 30 hours. Inset in (a) is a magnified view of the
“ellipsoidal” first generation particles, which are made up of threadlike primary building
blocks. The circles in (c) highlight a first generation of threads that start to form a wedge

(see text for details).

Figure 9 shows SEM images of powders isolated after different reaction times, which support the
XRD data, as the first particles have acicular or thread-like shapes and only later the characteristic
plate morphology is observed. The images clearly show that the morphology of the particles observed
after 30 and more hours of reaction time is preceded by other particle morphologies and forms through
various intermediate stages. Initially, small rodlike particles are observed, but soon thereafter, more
complex shapes evolve. The morphogenesis is complex and several steps appear to strongly overlap.



Materials 2008, 1 14

For example, a fraction of the samples obtained after 20 hours of reaction time already exhibits the
morphology, which is also found after 30 and more hours (Figure 9 e). However, some fraction of the
material obtained after 26 hours still resembles the sample observed after 10 or 16 hours (Figure 9 c,
d). After 30 and more hours of reaction time, the individual plates making up the final, larger particles
are essentially identical to plates observed after 20 or 25 hours, only the edges have developed further
to yield well-defined platelike crystals.

SEM also reveals that the final particles most likely do not exclusively grow via self-similar
crystallization. After short reaction times, we only observe small particles. Later, we also observe
particles that appear to have grown from a rodlike primary particle but exhibit a first set of fine
threadlike features, which overall have a wedge-like shape. These features become more complex and
exhibit 2D and 3D assemblies of threads which overall have a dumbbell shape. However, in parallel to
the formation of the assembly and growth of the threads to wedges and finally dumbbells, the
individual threads also appear to evolve from a threadlike to a platelike morphology (Figure 9 f).

Location of particle nucleation and effect of reaction temperature

SEM shows that parts of all samples have a flat bottom. Furthermore, the majority of the sample
does not grow from solution, but forms a rather thick white film on the glass wall of the flasks, while
the solution remains almost clear. Even after thorough cleaning, the glass flasks remain somewhat
turbid. These observations suggest that the silicates form by direct reaction of TBAH, Zn*", and the
glass wall. This is further supported by the fact that no additional silicon source was added and by
control experiments, which rule out contamination from silicon grease and other third sources.

As the reaction of hydroxide ions with glass is well known, the reaction of TBAH with the glass is
not surprising as such. The interesting point, however, is that this approach represents to date the
simplest approach for the fabrication of complex zinc silicate nanomaterials with tunable
morphologies. As shown above, morphologies can be tuned by simple variation of the reaction time.

Alternatively, morphologies can also be tuned by the reaction temperature. All samples discussed
so far were grown at a temperature of the glass wall of 130 to 135 °C. This is higher than the
temperature of the glass wall in our earlier study (120 to 125 °C), where single phase zincite hollow
rods were obtained [44]. Furthermore, in the current study, the glass flasks were immersed into the oil
bath in order to also achieve a higher temperature of the glass wall above the liquid phase. This results
in a different thermal environment, which dramatically affects the outcome of the reaction. Scheme 1
summarizes the different reaction conditions that lead to the different morphologies observed in the
precipitates.

Figure 10 is an example of a sample grown at 150 to 155 °C (panel ¢ in Scheme 1), which shows
that reactions conducted at higher temperatures yield a different morphology of the precipitate. Unlike
samples grown at lower temperatures, the samples obtained here do not exhibit the typical plate
morphology, but rather have a flower- or sponge-like morphology, where the individual sponges are
composed of fine lamellae that are closely connected and form a dense array of “tubular” units.



Materials 2008, 1 15

Scheme 1. Different reaction conditions that lead to different morphologies of the
precipitate. (a) Mineralization of ZnO hollow tubes on the glass wall above the reaction
mixture [44]. (b) Formation of the silicate platelets, Figures 3 to 5. (¢) Formation of the
silicate “sponges”, Figure 10 below. Numbers are temperatures in °C. Arrows denote the
temperatures of the glass walls of the flasks.
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Figure 10. SEM image of a sample obtained at 150 to 155 °C after 30 hours. Panel (a)

shows two large pieces of the white film isolated after mineralization. The left part shows

the flat bottom and the right part is a piece of the film with the upper side upwards. Panel

(b) is a magnified view of the right area in (a). The inset is a magnified view of the
lamellae forming the “sponges”.
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The observation that the solution is only slightly turbid in all cases is explained by the fact that
most of the mineralization takes place as a heterogeneous growth process on the glass wall of the flask.
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The slight turbidity is most likely due to the formation of y-Zn(OH), nanoparticles, which do not form
on the glass wall, but in solution. However, as the amount of precipitate recovered from the solution is
very small, an unambiguous assignment of its structure is not possible.

Suggested growth mechanism

The formation of the zinc silicate particles from TBAH is a complex process. Despite this, SEM,
SSNMR, and XRD allow for the development of a first growth model. The fact that zinc silicates and
not zinc oxide forms, the presence of large particle agglomerates with a flat bottom, the formation of a
thick white film on the glass wall, and the fact that the solution is only slightly turbid during the
reaction suggests that nucleation and growth of the zinc silicate takes place at the hot glass wall of the
reaction flask. SEM shows that initially, small ellipsoidal particles composed of thread-like primary
building blocks form. As the reaction proceeds, the particles grow into wedge- and dumbbell-like
particles, which are still composed of small threads. These threads then evolve into sheet-like
elements, which become the building blocks of 3D flowerlike structures. These finally recrystallize to
form the rectangular plates that make up the final particles.

Overall, SEM provides evidence for a combination of self-similar growth processes with self-
assembly of smaller particles (ellipsoids into threads into larger 2D and 3D structures). SEM also
provides evidence that once the skeleton of the final morphology exists, further particle growth most
likely occurs via heterogeneous nucleation on the existing skeleton or via redissolution-reprecipitation
of parts of the sample. As SSNMR shows that the dominating species is hemimorphite, it is likely that
morphogenesis is largely controlled by hemimorphite and not by willemite growth. Scheme 2
illustrates the proposed growth model.

3. Experimental Section
Mineralization

In a typical experiment, tetrabutylammonium hydroxide (TBAH, N(C4Hg)4sOH-30H,O, Aldrich
86866, m.p. 26 — 28 °C, 5 g) was heated in a 25 mL flask to ca. 50 °C until the IL was liquid. Then the
flask was cooled to ca. 30 °C by immersing in a water bath for a few minutes. Subsequently, Zn(OAc),
dihydrate (Aldrich, 50 mg) was added and the mixture was sonicated until the solution was clear. The
flask was immersed in the oil bath such that also the volume of the flask above the reacting liquid was
immersed in the oil bath. The samples were refluxed for 30 h. The temperature of the reaction solution
was 105 °C and the vapor phase was 105 to 110 °C. This is in contrast to our earlier study [44], where
the temperature of the reaction solution was 100 °C and the vapor phase had a temperature of only 90
°C. The glass wall temperature inside the flask was 130 to 135 °C, which is higher than the 120 °C
measured in our earlier study [44]. After eight to ten hours, a white precipitate appeared and the
solutions remained slightly turbid until the end of the reaction. After ca. twelve hours, a thick white
film formed on the glass walls of the flask. After 30 hours, the white solid was recovered via
centrifugation, washing with water and ethanol, and drying at 60 °C.
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Scheme 2. Suggested growth mechanism at ca. 130 °C. (i) Zn(OH); nucleates in solution
and essentially persists as small particles in suspension throughout the reaction. (ii)
Hemimorphite nucleates on the glass wall of the flask. (a) Initially, small hemimorphite
threads form (Figure 8 a, inset) and relatively quickly aggregate into bundles of threads,
which (b) then aggregate further into larger bundles (Figure 8 c, circles). These
aggregates transform (c) into the more complex “flowerlike” aggregates (Figure 8 d),
which then (d) further transform into the final larger complex structures of nano- to
micrometer-sized plates. Drawings are not to scale.
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Characterization

X-ray diffraction was done on a Nonius PDS 120 with CuKa radiation and position sensitive
detector and on a Nonius D8 with CuKa radiation. SEM was done on a Philips XL-30 ESEM operated
at 10 kV and on a LEO 1550 Gemini operated at 20 kV. Samples were sputtered with Au or Pt
(Philips) or Au/Pt (LEO) prior to imaging. EDX spectra were acquired with an EDAX DX-4 system.
TEM was done on a Zeiss 912 Omega operated at 120 kV. Thermogravimateric analysis (TGA) was
performed on a Netzsch 209 thermobalance. The samples were examined at a heating rate of 5 °C/min
in air. Atomic absorption spectroscopy (AAS) was done on a Jobin Yvon ICP-OES JY 38 Plus.

Solid-state NMR experiments were conducted at 9.4 T using a Bruker DSX-400 spectrometer
equipped with a "H/X/Y probe using zirconia rotors of 4 mm in diameter. 'H MAS NMR spectra were
acquired at 400.16 MHz with a 'H 7/2 pulse length of 2.8 ps at an MAS rate of 15 and 30 kHz and a
recycle delay of 15 s. Fast MAS NMR spectra were recorded using a 'H/X probe-head using zirconia
rotors of 2.5 mm in diameter. The position of the 'H resonances is quoted in ppm from external TMS.
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'H-*’Si cross polarization (CP) MAS NMR spectra were acquired at 400.16 MHz for 'H and
78.5 MHz for *°Si at an MAS rate of 10.0 kHz. A 'H /2 pulse length of 3.1 ps, a recycle delay of 10 s,
and TPPM decoupling were used during acquisition. The CP contact time was set to 2.0 ms with the
Hartmann—Hahn matching condition set using kaolinite. The *’Si chemical shifts are quoted in ppm
with respect to TMS.

%Si single pulse (SP) MAS spectra were acquired at 78.5 MHz at an MAS rate of 10.0 kHz. A *Si
n/3 pulse length of 2.3 us with a recycle delay of 240 s without proton decoupling, were used for
acquisition. The *’Si chemical shifts are quoted in ppm with respect to TMS.

The 'H-*’Si VCT (variable contact time) CP MAS NMR was conducted using the same conditions
as the 'H-’Si CP MAS with contact times ranging from 0.05 to 15.0 ms. The data was fitted according
to the I-S model using equation 1.** The parameter, Tjs is the CP time constant and is a measure of CP
magnetization transfer efficiency from spin | (‘H) to spin S (*’Si). No decay of intensity of peaks has
been observed and the kinetics curves were analyzed using a simplified equation:

I(t) = |0[1—exp[—TLJJ (1)

2D 'H-*’Si Heteronuclear correlation (HETCOR)* MAS NMR spectra were acquired at 400.16
MHz for 'H and 78.5 MHz for *’Si with an MAS rate of 10 kHz. The 2D HETCOR experiments used
Frequency-Switched Lee-Goldburg (FSLG) [86] homonuclear decoupling with a 'H rf field of ca. 80.6
kHz in t; and ramp-amplitude 'H-*’Si cross-polarization with a contact time of 2 ms. TPPM
decoupling [87] was used during acquisition at a decoupling strength of ca. 80.6 kHz. The sample
volume was restricted to the middle of the rotor to improve the rf homogeneity. States-TPPI was
employed for phase sensitive detection. The recycle delay was set at 3.0 s. 256 increments were
recorded in t; to cover the full 'H spectral width, with 600 scans acquired in t, per increment.

4. Conclusions

The current study is an extension of our earlier work, where we showed that the ionic liquid
precursor (ILP) TBAH can be exploited for the fabrication of ZnO with different morphologies and
optical properties [44, 46]. The paper shows that not only ZnO can be grown from the IL TBAH. Also
more complex compounds like zinc silicates can be fabricated in a controlled fashion by exploiting the
fact that at high temperatures the IL reacts with glass. Although reaction with the glass wall of a
reaction flask is not typical for materials chemistry, the paper clearly shows that interesting surface
layers can be generated if the conditions are appropriately chosen and well-defined.

With one exception [59], only spherical zinc silicate particles, which tend to aggregate upon
calcination, have been reported [58]. The current procedure therefore provides access to other,
potentially interesting, hemimorphite and willemite morphologies. They can easily be tuned by
variation of the reaction time and temperature. Furthermore, the particles are stable with respect to
calcination and do not aggregate further or change their morphology when heated. As a result, our
approach is a viable pathway towards non-spherical zinc silicates with complex morphologies with
useful properties like high thermal stability and high porosity. As hemimorphite has a strong
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pyroelectric coefficient, low permittivity and loss, and weak piezoelectricity [81], hemimorphite with

the high surface areas accessible with our approach could for example be an appealing sensor material.

Acknowledgements

We thank R. Pitschke, H. Runge, and Dr. J. Hartmann for help with electron microscopy, I. Zenke

for help with XRD, I. Shekova for help with TGA, and the Swiss National Science Foundation, the
MPI of Colloids and Interfaces, the University of Potsdam, and the Potsdam Graduate School
“Chemical Reactions in Green Solvents” for funding.

References and Notes

10.

11.

12.

Adair, J. H.; Suvaci, E. Morphological control of particles. Curr. Op. Coll. Interf. Sci. 2000, 5 (1-
2), 160-167.

Jolivet, J. P. Metal Oxide Chemistry and Synthesis: From Solution to Solid State. John Wiley &
Sons: Chicester, New York, Weinheim, Brisbane, Singapore, Toronto, 2000.

Antonietti, M.; Grohn, F.; Hartmann, J.; Bronstein, L. M. Nonclassical shapes of noble-metal
colloids by synthesis in microgel nanoreactors. Angew. Chem. Int. Ed. Engl. 1997, 36 (19), 2080-
2083.

Ba, J. H.; Polleux, J.; Antonietti, M.; Niederberger, M. Non-aqueous synthesis of tin oxide
nanocrystals and their assembly into ordered porous mesostructures Adv. Mater. 2005, 17 (20),
2509-2512.

Daniel, M. C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-
Size-Related Properties, and Applications toward Biology, Catalysis, and Nanotechnology. Chem.
Rev. 2004, 104 (1), 293-346.

Taubert, A.; Wiesler, U.-M.; Muellen, K. Dendrimer-controlled one-pot synthesis of gold
nanoparticles with a bimodal size distribution and their self-assembly in the solid state. J. Mater.
Chem. 2003, 13 (5), 1090-1093.

Attard, G. S.; Bartlett, P. N.; Coleman, N. R. B.; Elliott, J. M.; Owen, J. R.; Wang, J. H.
Mesoporous platinum films from lyotropic liquid crystalline phases. Science 1997, 278 (5339),
838-840.

Courty, A.; Fermon, C.; Pileni, M. P. Supra crystals made of nanocrystals. Adv. Mater. 2001, 13
(4), 254-258.

Lichtenegger, H. C.; Schoberl, T.; Bartl, M. H.; Waite, H.; Stucky, G. D. High abrasion resistance
with sparse mineralization: Copper biomineral in worm jaws. Science 2002, 298 (5592), 389-392.

Ungar, G.; Liu, Y.; Zeng, X.; Percec, V.; Cho, W. D. Giant Supramolecular Liquid Crystal
Lattice. Science 2003, 299 (5610), 1208-1211.

Mao, C.; Solis, D. J.; Reiss, B. D.; Kottmann, S. T.; Sweeney, R. Y.; Hayhurst, A.; Georgiou, G.;
Iverson, B.; Belcher, A. M. Virus-based toolkit for the directed synthesis of magnetic and
semiconducting nanowires. Science 2004, 303 (5655), 213-217.

Douglas, T.; Young, M. Viruses: Making Friends with Old Foes. Science 2006, 312 (5775), 873-
875.



Materials 2008, 1 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kalsin, A. M.; Fialkowski, M.; Paszewski, M.; Smoukov, S. K.; Bishop, K. J. M.; Grzybowski, B.
A. Electrostatic Self-Assembly of Binary Nanoparticle Crystals with a Diamond-Like Lattice.
Science 2006, 312 (5772), 420-424.

Schweizer, S.; Taubert, A. Polymer-controlled, bio-inspired calcium phosphate mineralization
from aqueous solution. Macromol. Biosci. 2007, 7, 1085-1099.

Niederberger, M. Nonaqueous sol-gel routes to metal oxide nanoparticles Acc. Chem. Res. 2007,
40 (9), 793-800.

Antonietti, M.; Kuang, D.; Smarsly, B.; Zhou, Y. Ionic Liquids for the Convenient Synthesis of
Functional Nanoparticles and Other Inorganic Nanostructures. Angew. Chem. Int. Ed. 2004, 43
(38), 4988-4992.

Taubert, A.; Li, Z. Inorganic materials from ionic liquids. Dalton Trans. 2007, 7, 723-727.
Taubert, A. Inorganic materials synthesis - a bright future for ionic liquids? Acta Chim. Slov.
2005, 52 (3), 183-186.

Reichert, W. M.; Holbrey, J. D.; Vigour, K. B.; Morgan, T. D.; Broker, G. A.; Rogers, R. D.
Approaches to crystallization from ionic liquids: complex solvents—complex results, or, a strategy
for controlled formation of new supramolecular architectures? Chem. Commun. 2006, 4767-4779.
Endres, F. The electrodeposition of germanium from an ionic liquid: A mini-review on the
nanoscale processes. Proc. Electrochem. Soc. 2002, 2002-19 (Molten Salts XIII), 677-690.
Endres, F.; Abedin, S. Z. E. Air and water stable ionic liquids in physical chemistry. Phys.
Chem.Chem. Phys. 2006, 8, 2101-2116.

Parnham, E. R.; Morris, R. E. lonothermal Synthesis of Zeolites, Metal-Organic Frameworks, and
Inorganic—Organic Hybrids. Acc. Chem. Res. 2007, 40 (10), 1005-1013.

Moustafa, E. M.; Zein El Abedin, S.; Shkurankov, A.; Zschippang, E.; Saad, A. Y.; Bund, A.;
Endres, F. Electrodeposition of Al in 1-Butyl-1-methylpyrrolidinium Bis(trifluoromethylsulfonyl)
amide and 1-Ethyl-3-methylimidazolium Bis(trifluoromethylsulfonyl)amide Ionic Liquids: In Situ
STM and EQCM Studies. J. Phys. Chem. B 2007, 111 (18), 4693-4704.

Zein El Abedin, S.; Endres, F. Electrodeposition of metals and semiconductors in air- and water-
stable ionic liquids. ChemPhysChem 2006, 7 (1), 58-61.

Nakashima, T.; Kimizuka, N. Interfacial synthesis of hollow TiO2 microspheres in ionic liquids.
J. Am. Chem. Soc. 2003, 125 (21), 6386-6387.

Parnham, E. R.; Wheatley, P. S.; Morris, R. E. The ionothermal synthesis of SIZ-6-a layered
aluminophosphate. Chem. Commun. 2006, 380-382.

Kaper, H.; Endres, F.; Djerdj, I.; Antonietti, M.; Smarsly, B. M.; Maier, J.; Hu, Y.-S. Direct low-
temperature synthesis of rutile nanostructures in ionic liquids. Small 2007, 3 (10), 1753-1763.
Nockemann, P.; Thijs, B.; Van Hecke, K.; Van Meervelt, L.; Binnemans, K. Polynuclear Metal
Complexes Obtained from the Task-Specific lonic Liquid Betainium Bistriflimide Cryst. Growth
Design 2008, 8 (4), 1353-1363.

Nockemann, P.; Thijs, B.; Pittois, S.; Thoen, J.; Glorieux, C.; van Hecke, K.; van Meervelt, L.;
Kirchner, B.; Binnemans, K. Task-specific ionic liquids for solubilizing metal oxides. J. Phys.
Chem B 2006, 110, 20978-20992.



Materials 2008, 1 21

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

Cooper, E. R.; Andrews, C. D.; Wheatley, P. S.; Webb, P. B.; Wormald, P.; Morris, R. E. Ionic
liquids and eutectic mixtures as solvent and template in synthesis of zeolite analogues. Nature
2004, 430, 1012-1016.

Parnham, E. R.; Morris, R. E. Ionothermal synthesis using a hydrophobic ionic liquid as solvent in
the preparation of a novel aluminophosphate chain structure. J. Mater. Chem. 2006, 16 (37),
3682-3684.

Parnham, E. R.; Morris, R. E. l-alkyl-3-methyl Imidazolium Bromide lonic Liquids in the
Ionothermal Synthesis of Aluminium Phosphate Molecular Sieves. Chem. Mater. 2006, 18 (20),
4882-4887.

Parnham, E. R.; Morris, R. E. The Ionothermal Synthesis of Cobalt Aluminophosphate Zeolite
Frameworks. J. Am. Chem. Soc. 2006, 128 (7), 2204-2205.

Brezesinski, T.; Erpen, C.; limura, K.; Smarsly, B. Mesostructured Crystalline Ceria with a
Bimodal Pore System Using Block Copolymers and Ionic Liquids as Rational Templates. Chem.
Mater. 2005, 17 (7), 1683-1690.

Wang, T.; Kaper, H.; Antonietti, M.; Smarsly, B. Templating Behavior of a Long-Chain Ionic
Liquid in the Hydrothermal Synthesis of Mesoporous Silica. Langmuir 2007, 23 (3), 1489-1495.
Farag, H. K.; Endres, F. Studies on the synthesis of nano-alumina in air and water stable ionic
liquids J. Mater. Chem. 2008, 18 (4), 442-449.

Morris, R. E. Ionic Liquids and Microwaves - Making Zeolites for Emerging Applications.
Angew. Chem. Int. Ed. 2008, 47 (3), 442-444.

Binnemans, K. Ionic liquid crystals. Chem. Rev. 2005, 105 (11), 4148-4204.

Taubert, A. CuCl nanoplatelets from an ionic liquid crystal precursor. Angew. Chem. Int. Ed.
2004, 43 (40), 5380-5382.

Zhu, H.; Huang, J.-F.; Pan, Z.; Dai, S. Ionothermal Synthesis of Hierarchical ZnO Nanostructures
from Ionic-Liquid Precursors. Chem. Mater. 2006, 18, 4473-4477.

Taubert, A.; Steiner, P.; Mantion, A. Ionic liquid crystal precursors for inorganic particles: phase
diagram and thermal properties of a CuCl nanoplatelet precursor. J. Phys. Chem. B 2005, 109
(32), 15542-15547.

Taubert, A.; Palivan, C.; Casse, O.; Gozzo, F.; Schmitt, B. Ionic liquid crystal precursors (ILCPs)
for CuCl platelets: the origin of the exothermic peak in the DSC curves. J. Phys. Chem. C 2007,
111 (11), 4077-4082.

Li, Z.; Friedrich, A.; Taubert, A. Gold microcrystal synthesis via reduction of HAuCl4 by
cellulose in the ionic liquid 1-butyl-3-methyl imidazolium chloride. J. Mater. Chem. 2008, 24 (9),
1008-1014.

Li, Z.; GeBner, A.; Richters, J. P.; Kalden, J.; Voss, T.; Kiibel, C.; Taubert, A. Hollow zinc oxide
mesocrystals from an ionic liquid precursor (ILP). Adv. Mater. 2008, 20, 1279-1285.

Li, Z.; Rabu, P.; Strauch, P.; Mantion, A.; Taubert, A. Uniform metal (hydr)oxide particles from
water/ionic liquid precursor (ILP) mixtures. Chem. Eur. J. 2008, DOI: 10.1002/chem.200800106.
Mumalo-Djokic, D.; Stern, W. B.; Taubert, A. Zinc oxide/carbohydrate hybrid materials via
mineralization of starch and cellulose in the strongly hydrated ionic liquid tetrabutylammonium
hydroxide. Cryst. Growth Design 2008, 8 (1), 330-335.



Materials 2008, 1 22

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Taubert, A.; Arbell, I.; Mecke, A.; Graf, P. Photoreduction of a crystalline Au(IIl) complex: a
solid-state approach to metallic nanostructures. Gold Bull. 2006, 39 (4), 205-211.

Dobbs, W.; Suisse, J.-M.; Douce, L.; Welter, R. Electrodeposition of silver particles and gold
nanoparticles from ionic liquid-crystal precursors. Angew. Chem. Int. Ed. 2006, 45 (25), 4179-
4182.

Lee, C. K.; Vasam, C. S.; Huang, T. W.; Wang, H. M. J.; Yang, R. Y.; Lee, C. S.; Lin, L. J. B.
Silver(I) N-Heterocyclic Carbenes with Long N-Alkyl Chains. Organometallics 2006, 25 (15),
3768-3775.

Kim, K.-S.; Choi, S.; Cha, J.-H.; Yeon, S.-H.; Lee, H. Facile one pot synthesis of gold using
alcohol ionic liquids. J. Mater. Chem. 2006, 16, 1315-1317.

Lippmaa, E.; Maegi, M.; Satnoson, A.; Engelhardt, G.; Grimmer, A.-R. Structural studies of
silicates by solid-state high-resolution silicon-29 NMR J. Am. Chem. Soc. 1980, 102, 4889-4893.
Chandrappa, G. T.; Ghosh, S.; Patil, K. C. Synthesis and Properties of Willemite, Zn,Si0,, and
M?*":Zn,Si04 (M = Co and Ni). J. Mater. Synth. Proc. 1999, 7, 273-279.

Magi, M.; Lippmaa, E.; Samoson, A.; Engelhardt, G.; Grimmer, A. R. Solid-State High-
Resolution Si-29 Chemical-Shifts in Silicates. J. Phys. Chem. 1984, 88 (8), 1518-1522.

Camblor, M. A.; Davis, M. E. Si-29 MAS NMR-Spectroscopy of Tectozincosilicates. J. Phys.
Chem. 1994, 98 (50), 13151-13156.

Cannas, C.; Casu, M.; Lai, A.; Musinu, A.; Piccaluga, G. XRD, TEM and Si-29 MAS NMR study
of sol-gel ZnO-Si0O2 nanocomposites. J. Mater. Chem. 1999, 9 (8), 1765-1769.

Lippmaa, E.; Magi, M.; Samoson, A.; Engelhardt, G.; Grimmer, A. R. Structural Studies of
Silicates by Solid-State High-Resolution Si-29 NMR. J. Am. Chem. Soc. 1980, 102 (15), 4889-
4893.

Yesinowski, J. P.; Eckert, H.; Rossman, G. R. Characterization of Hydrous Species in Minerals by
High-Speed H-1 MAS NMR. J. Am. Chem. Soc. 1988, 110 (5), 1367-1375.

Roy, A.; Polarz, S.; Rabe, S.; Rellinghaus, B.; Zidhres, H.; Kruis, F. E.; Driess, M. First
Preparation of Nanocrystalline Zinc Silicate by Chemical Vapor Synthesis Using an
Organometallic Single-Source Precursor. Chem. Eur. J. 2004, 10 (6), 1565-1575.

Wei, Q.; Meng, G.; Ye, M.; An, X.; Hao, Y.; Zhang, L. Hollow Microspherical Architectures of
Closely Packed and Radially Well-Aligned Zn,SiO4 Nanowires with and without ZnO Nanocrust.
J. Phys. Chem. C 2007, 111 (5), 1924-1928.

Busch, S.; Dolhaine, H.; DuChesne, A.; Heinz, S.; Hochrein, O.; Laeri, F.; Podebrad, O.; Vietze,
U.; Weiland, T.; Kniep, R. Biomimetic morphogenesis of fluorapatite-gelatin composites: Fractal
growth, the question of intrinsic electric fields, core/shell assemblies, hollow spheres and
reorganization of denatured collagen. Eur. J. Inorg. Chem. 1999, 10, 1643-1653.

Busch, S.; Schwarz, U.; Kniep, R. Morphogenesis and Structure of Human Teeth in Relation to
Biomimetically Grown Fluorapatite-Gelatin Composites. Chem. Mater. 2001, 13 (10), 3260-3271.
Kniep, R.; Busch, S. Biomimetic growth and self-assembly of fluorapatite aggregates by diffusion
into denatured collagen matrixes. Angew. Chem. Int. Ed. Engl. 1996, 35 (22), 2624-2626.

Busch, S.; Schwarz, U.; Kniep, R. Chemical and structural investigations of biomimetically grown
fluorapatite-gelatin composite aggregates. Adv. Funct. Mater. 2003, 13 (3), 189-198.



Materials 2008, 1 23

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Tlatlik, H.; Simon, P.; Kawska, A.; Zahn, D.; Kniep, R. Biomimetic fluoroapatite-gelatine
composites: pre-structuring of gelatin matrices by ion impregnation and its efect on form
development. Angew. Chem. Int. Ed. 2006, 45 (12), 1905-1910.

Gobel, K.; Simon, P.; Buder, J.; Tlatlik, H.; Kniep, R. Phase formation and morpholohy of
calcium phosphate-gelatin composites grown by double-diffusion technique: the influence of
fluoride. J. Mater. Chem. 2004, 14 (14), 2225-2230.

Simon, P.; Schwarz, U.; Kniep, R. Hierarchical architecture and real structure in a biomimetic
nano-composite of fluorapatite with gelatine: a model system for steps in dentino- and
osteogenesis? J. Mater. Chem. 2005, 15 (47), 4992-4996.

Simon, P.; Carrillo-Cabrera, W.; Formanek, P.; Gobel, C.; Geiger, D.; Ramlau, R.; Tlatlik, H.;
Buder, J.; Kniep, R. On the real-structure of biomimetically grown hexagonal prismatic seeds of
fluorapatite-gelatine-composites: TEM investigations along [001]. J. Mater. Chem. 2004, 14 (14),
2218-2224.

Simon, P.; Zahn, D.; Lichte, H.; Kniep, R. Intrinsic Electric Dipole Fields and the Induction of
Hierarchical Form Developments in Fluorapatite-Gelatine Nanocomposites: A General Principle
for Morphogenesis of Biominerals? Angew. Chem. Int. Ed. 2006, 45 (12), 1911-1915.

Colfen, H.; Mann, S. Higher order organization by mesoscale self-assembly and transformation of
hybrid nanostructures. Angew. Chem. Int. Ed. Engl. 2003, 42 (21), 2350-2365.

Yu, S.-H.; Coélfen, H.; Antonietti, M. Polymer-Controlled Morphosynthesis and Mineralization of
Metal Carbonate Superstructures. J. Phys. Chem B 2003, 107 (30), 7396-7405.

Colfen, H.; Antonietti, M. Mesocrystals: inorganic superstructures made by highly parallel
crystallization and controlled alignment. Angew. Chem. Int. Ed. 2005, 44 (35), 5576-5591.
Niederberger, M.; Colfen, H. Oriented attachment and mesocrystals: Non-classical crystallization
mechanisms based on nanoparticle assembly. Phys. Chem. Chem. Phys. 2006, 8 (28), 3271-3287.
Xu, A.-W.; Antonietti, M.; Colfen, H.; Fang, Y.-P. Uniform hexagonal plates of vaterite CaCO;
mesocrystals formd by biomimetic mineralization. Adv. Funct. Mater. 2006, 16 (7), 903-908.
Rudloff, J.; Coélfen, H. Superstructures of Temporarily Stabilized Nanocrystalline CaCO;
Particles: Morphological Control via Water Surface Tension Variation. Langmuir 2004, 20 (3),
991-996.

Wang, T.; Colfen, H.; Antonietti, M. Nonclassical crystallization: mesocrystals and morphology
changes of CaCO3 crystals in the presence of a polyelectrolyte additive. J. Am. Chem. Soc. 2005,
127 (10), 3246-3247.

Wohlrab, S.; Pinna, N.; Antonietti, M.; Colfen, H. Polymer-induced alignment of DL alanine
nanocrystals to crystalline mesostrucures. Chem. Eur. J. 2005, 11 (10), 2903-2913.

Ma, Y.; Colfen, H.; Antonietti, M. Morphosynthesis of alanine mesocrystals by pH control. J.
Phys. Chem B 2006, 110 (22), 10822-10828.

Wang, T.; Colfen, H.; Antonietti, M. Calcite mesocrystals: "morphing" by a polyelectrolyte.
Chem. Eur. J. 2006, 12 (22), 5722-5730.

Qi, L. M.; Colfen, H.; Antonietti, M. Control of Barite Morphology by Double-Hydrophilic Block
Copolymers. Chem. Mater. 2000, 12 (8), 2392-2403.

Roberts, W. L.; Campbell, T. J.; Rapp, G. R.; W.E. W. Encyclopedia of Minerals, 2nd Ed. Van
Nostrand Reinhold: New York, 1990.



Materials 2008, 1 24

81.

82.

&3.

84.

85.

86.

87.

Markgraf, S. A.; Bhalla, A. S. Pyroelectric and dielectric properties of hemimorphite,
7Zn;,Si,07(0OH),.H,O. Mater. Lett. 1989, 8 (5), 179-181.

Bos, M. E. Tetra-n-butylammonium Hydroxide. In Encyclopedia of Reagents for Organic
Synthesis. Paquette, L. Ed. John Wiley & Sons: New York, 2004.

Page, M. G.; Colfen, H. Improved control of CaCOj; precipitation by direct carbon dioxide
diffusion: application in mesocrystal assembly. Cryst. Growth Design 2006, 6 (8), 1915-1920.
Kolodziejski, W.; Klinowski, J. Kinetics of Cross-Polarization in Solid-State NMR: A Guide for
Chemists. Chem. Rev. 2002, 102, 613-628.

van Rossum, B. J.; Forster, H.; de Groot, H. J. M. High-field and high-speed CP-MAS C-13 NMR
heteronuclear dipolar-correlation spectroscopy of solids with frequency-switched Lee-Goldburg
homonuclear decoupling. J. Magn. Res. 1997, 124 (2), 516-519.

Bielecki, A.; Kolbert, A. C.; Levitt, M. H. Frequency-Switched Pulse Sequences - Homonuclear
Decoupling and Dilute Spin NMR in Solids. Chem. Phys. Lett. 1989, 155 (4-5), 341-346.

Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G. Heteronuclear
Decoupling in Rotating Solids. J. Chem. Phys. 1995, 103 (16), 6951-6958.

Sample Availability: Contact the author.

© 2008 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



