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1. Introduction:
Nonclassical Crystallization
in vivo et in vitro

Nucleation, the emergence of a not yet existing crystalline phase in its
metastable mother phase such as a supersaturated solution, is one of the
most crucial and fundamental aspects of phase transitions in general. Phase
transitions are of enormous relevance in technical, biological, and ecolog-
ical processes, be they phase separations or precipitation reactions.
Even apparently simple systems like calcium carbonate exhibit complex Industrial Importance

chemical behavior and are strongly a�ected by coordination chemistry.
Calcium carbonate is not only a model system of academic interest since
undesired precipitation of calcium carbonate remains a permanent chal-
lenge of all-day life.�e branches of industrywhich have to copewith scale
formation and its prevention are omnipresent, e. g. oil and gas production,
water piping, energy supply or laundry cleaning. �e directed and con-
trolled precipitation during calcium carbonate production provides the ba-
sis of a legion of industrial applications. Calcium carbonate and the chem-
ical additives involved in its productions are thusmegascale products: Cal-
cium carbonate serves as �ller for paper (worldwide ∼ 12million tons p. a.)
and synthetics, dyes or renders (worldwide ∼ 19million tons p. a.), con-
structionmaterial in formof cement or burnt lime, �ux in steel production
or mineral fertilizer in agriculture. 1 In 2007, the world demand of calcium
carbonate added up to 85 million tons and showed an annual increase of
nearly 9%.2,3

Biomineralization, its comprehension and imitation in biomimeticmin- Biological Relevance
eralizations can be regarded as the ultimate in phase transitions and may
pave the way for complex mesostructured and functional materials.4 In
Nature’s concept of mineralized tissues, the mere constituents exhibit only
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1. Introduction: Nonclassical Crystallization in vivo et in vitro

moderate mechanical properties: �e mineral components like silica or
calcium carbonate are fragile or brittle in nature but of abundant supply
whereas the organic constituents are pliable, so� but quite tough. Fol-
lowing the Aristotelian dictum that “the whole is more than the sum of
its parts”, 5 Nature succeeds in giving its mineralized tissues extraordinary
strength and toughness by applying a superior ordered compositional struc-
ture which spans over several orders of magnitude.4,6,7 Ernst Haeckel, nat-
ural scientist and philosopher, extensively compiled in his works the in-
triguingly complex and elegant shape of biominerals, e. g. in his popular
“Kunstformen der Natur” released in 1899 – 1904. Albeit from a philosoph-
ical andmonistic point of view, he was maybe the �rst who studied simple
imitation of biogenic minerals in vitro and devoted his book “Kristallsee-
len, Studien über das anorganische Leben” to this topic in 1917.8

�e formation of calcium carbonate in general has been studied forBiomineralization Challenges
Classical�eories more than a century and especially its biogenic formation was intensively

investigated in the past two decades. Still little is known about the early
stages of calcium carbonate formation and of the exactmethodsNature ap-
plies in order to build up biominerals. In biomineralization, one perpetu-
ally observes crystal morphologies and crystal formation processes which
challenge the classical concepts of crystallization. Latter are outlined in the
appendix (Sec. A.1). Biominerals o�en exhibit an exceptional shape with
curved surfaces which does not resemble the crystal habit which would
evolve under conditions of equilibrium. Figure 1.1 may serve as an exam-
ple; both drawings compile the shaping of calcium carbonate and their
di�erences are obvious. �e calcium carbonate crystals of Goldschmidt’s
compilation (Fig. 1.1a) show planar surfaces of high symmetry. �eir ap-
pearance can be explained on the basis of established rules.9–12 Biogenic
molded calcium carbonte illustrated by Haeckel in Fig. 1.1b is in sharp
contrast to them. �e two enlarged hook-like spicules consist of calcium
carbonate as well as the three-folded spicules in the lower cross sections
of the calcisponge Sycon. �e most prominent and celebrated example
of exquisite molding of calcite is presumably Emiliania huxleyi, which is
a species of coccolithophores. �ese single-celled algae form a calcare-
ous exoskeleton, which is hierarchically assembled from round shield el-
ements. In turn, these elements consist of 35 complex shaped individual
elements (Fig. 1.2a). Each of these units consists of one single calcite crystal
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Biomineralization Challenges Classical�eories

(a) Examples of calcite crystals as tab-
ulated by Victor Goldschmidt in
his ‘‘Atlas der Krystallformen’’ from
1913. 14

(b) Calcarous sponges (Calcarea or Cal-
cispongiae) as depicted in Ernst
Haeckel’s ‘‘Kunstformen der Natur’’
dating back to 1904. 15

Figure 1.1. Comparison of geological and biogenic shaping of calcium
carbonate as reported in the first two decades of the 20th
century.

although its hammer-headed stirrup-like form is far away from the classi-
cal trigonal-rhombohedral calcite shape.6 Biomimetic approaches are still
not able to reproduce the morphogenesis of Emiliania huxleyi. In case of
the coccoliths Discosphaera tubifera (Fig. 1.2b), Mukkamala et al. could
roughly mimic the trumpet-shape by applying a derivate of the polycar-
boxylate ethylenediaminetetraacetic acid as an additive. 13 However, the
detailed morphogenesis of the reported microtrumpets composed of na-
nocrystalline calcite still remains unsolved.
Only the hard tissue of the major taxon Crustacea consists of amor-

phous calcium carbonate (ACC) in analogy to silica skeletons of radiolar-
ians, sponges, plants phytoliths or diatoms. 17 In most other cases, ACC
acts as a temporary calcium carbonate storage prior the formation of a
hard tissue. Beniash et al. could show ACC as a transient precursor phase
prior spicule formation in sea urchin larvae andWeiss et al. demonstrated
this analogously in larvae of molluscan bivalves. 18,19 Calcium carbonate
is unstable in its amorphous state and tend strongly to transform into a

3



1. Introduction: Nonclassical Crystallization in vivo et in vitro

(a) Coccosphere of the calcareous al-
gae Emiliania huxleyi surrounded
by its coccoliths (proximal view).
Scale bar: 1 µm

(b) Coccosphere and one of its coccol-
iths (inset) of the calcareous algae
Discosphaera tubifera. Scale bar:
1 µm

Figure 1.2. Two representatives of calcareous algae Emiliana hux-
leyi (Noelaerhabdaceae) and Discosphaera tubifera (Rhab-
dosphaeraceae). Images taken from Young et al. 16

crystalline phase. Organisms like those mentioned above have thus devel-
oped strategies in order to prevent undesired phase transformation and in-
duce directed mineralization to a distinct polymorph, be it calcite or arag-
onite. 18–22 �e stabilization strategies seem to base on biomacromolecules
(e. g. GlX-, Ser- and AsX-rich proteins, glycoproteins, polysaccharides,
or proteoglycans), which are o�en highly acidic in nature.23,24 Biogenic
ACC contains frequently magnesium and phosphate ions, which may sta-
bilize of the amorphous state. 17,25 Interestingly, biogenic ACC from dif-
ferent species exhibit identical chemical composition but structural di�er-
ences according to X-ray absorption spectroscopy.26

One further striking and long known example of excellent control over
mineralization processes is presented us by the abalone shell. It consists of
two di�erent calcium carbonate polymorphs, namely calcite in the outer
portion of the shell and aragonite in the inner nacreous layer.27 If solu-
ble proteins extracted from the abalone nacreous layer are incubated with
calcite seed crystals in a supersaturated calcium carbonate solution, they
induce the nucleation and growth of aragonite needles on the (104) faces
of the seed crystals.28 Before this �nding it had been assumed that a com-
plete deposition of a nucleation layer sheet is essential to induce a switch
in crystal phase. By atomic force microscopy, changes in the atomic lattice
of a calcite seed crystal were directly observed and show the soluble nacre
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Nonclassical Crystallization

proteins inducing an (001) aragonite growth on a (104) calcite surface.29

Such a directed switch in phase is still quite complicated to achieve in vitro
by traditional chemical means.
In short, organism have developed strategies to give biominerals supe-

rior properties in order to serve as sensors, skeletal support or protection
of so� tissues so that they excel their purely inorganic counterparts. ACC
plays a pivotal role in these strategies. Being inspired by this strategy,
its concepts were applied in biomimetic material chemistry in numerous
bottom-up approaches for synthesis of advancedmaterials. 30–33 Today, ma-
terial science is only partially able to produce corresponding materials at
identical length scale and quality. Furthermore, biomineralization mech-
anisms cannot be described within the classical pictures of crystallization
and phase separation.
Over the last few years, numerous experiments in vitro seconded and Nonclassical Crystallization

substantiated as well the principles of a nonclassical crystallization. It can
be assumed that the formation of an amorphous precursor is the basis
step of nonclassical crystallization. �en, two major di�erent character-
istics of nonclassical crystallization can be classi�ed: 34 (a)�e formation
of an intermediate amorphous precursor, be it amorphous or even liquid
which latermay transform to crystallinematerial. (b)Oriented attachment
of nano-sized particles in a self-organized manner to yield complex mor-
phologies. �e term ‘mesocrystallization’ describes the special case of a
three-dimensional oriented attachment of colloidal particles building up
amesoscopically structured crystal which usually di�ract X-rays like a sin-
gle crystal. 34

We already made the acquaintance with the principle of amorphous Amorphous Precursors
intermediates in biogenic mineralization processes. In principle, the oc-
currence of a transient amorphous phase is �ts in the Ostwald’s rule of
stages. 35�is rule predicts that “[. . . ] in the course of transformation of an
unstable (ormetastable) state into a stable one the system does not directly
go to the most stable conformation (corresponding to the modi�cation
with the lowest free energy) but prefers to reach intermediate stages (cor-
responding to other metastable modi�cations) having the closest free en-
ergy to the initial state”. 36�eOstwald-Volmer rule varies this a little bit by
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1. Introduction: Nonclassical Crystallization in vivo et in vitro

stating that the least stable and least dense modi�cation is chosen. Obser-
vation of amorphous precursors is still di�cult since they are highly insta-
ble and transform quickly. But by increasing knowledge of their existence,
their observation is today quite numerous: they were e�ciently traced in
di�erent studies, e. g. by transmission electron microscopy, fast drying,
small- and wide-angle X-ray scattering, X-ray absorption spectroscopy or
X-ray microscopy. 37–46

A very special case of amorphous intermediates are liquid intermedi-
ates. Being very instable, they tend strongly to re-dissolution, solidi�ca-
tion or crystallization. �e existence of liquid mineral precursors seems
to be restricted to calcium carbonate based systems since no othermineral
system was reported to feature such an intermediate so far. �is may be
due to the challenging experimental condition which have to be applied:
even approaches like fast-mixing are full of uncertainty.47 Wegner et al.
were the �rst who proposed a liquid calcium carbonate precursor and dis-
cussed further the probable spinodal liquid/liquid phase separation of a
supersaturated calcium carbonate solution.44,45,48 In 2004, they suggested
a lower critical solution temperature of 10° C which should characterize
the proposed spinodal phase diagram (cf. Fig. A.3 in the appendix).
Gower reported earlier that a liquid precursor can be induced by little

amounts of small anionic polymers andwas thus termed ‘polymer-induced
liquid precursor’ (PILP).�e employed acidic polymers were suggested to
sequester the cations, increase the water-content of the forming mineral
phase and delay considerably the crystallization.49,50�is liquid precursor
phase has a great potential to be employed as an extraordinary building
material. �e liquid calcium carbonate droplets of roughly 100 nm may
be molded in any shape and keep their shape under transformation to a
crystalline material. 51 �e PILP can be used for coating by sedimentation,
coalescence and �nally crystallization. 50 �e liquid state of this kind of in-
termediate opens up an excellent opportunity for demanding molding of
non-equilibrium morphologies, even if the emerging materials are poly-
crystalline.
�e very special crystallization pathway of mesocrystallization cannotMesocrystallization

be described within the picture of the classical Ostwald ripening, i. e. the
growth of larger crystals at the expense of smaller ones. 52 Most of the
concept of mesocrystallinity was developed by Cölfen and coworkers. 53,54
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Mesocrystallization

Figure 1.3. Scanning electron micrographs of the nanosized building
blocks of an Echinoderm skeleton as presented by Oaki
et al.: 56 (a) The fractured surface shows no cleavage planes
but a conchoidal fracture surface. (b) The building blocks are
radially orientated and (c) are of nanosize.

�ey de�ne mesocrystals as “colloidal crystals that are build up from in-
dividual nanocrystals and are aligned in a common crystallographic regis-
ter” and “usually scatters X-rays like a single crystal”. 34 As Cölfen himself
stated, this de�nition may be too strict but deals as a good conceptional
outline. Since they are build up from smallest building blocks, mesocrys-
tals and their one- and two-dimensional relatives can adopt any shape.
Typically, their formation is based on an interplay between the nanocrys-
tals and a stabilizer which prevents dissolution, further crystallization or
a ‘coalescence’ of the mesocrystal to a single crystal. 55

Once again, Nature provides an excellent example of a mesocrystalliza-
tion in the form the sea urchin spicule (phylum Echinodermata). By wide-
angle X-ray analysis, the spicule turn out to be a single-crystalline calcite
and these �ndings were seconded polarization microscopy. If it is frac-
tured, no typical cleavage planes comeupbut a conchoidal fracture surface,
which is typical for glassy or amorphous bodies. Weiner et al. proposed
that this fracture behavior is due to occluded protein. 57 Recent studies of
Oaki et al. substantiated that the transformation of ACC to one single-
crystalline spicule can be understood in fact as a mesocrystallization with
occluded proteins acting as stabilizing acidic polymer (cf. Fig. 1.3). 56 All
characteristics of sea urchin spicules are consistent with the de�nition of a
mesocrystal: building blocks are nanosized, radially aligned and the com-
plete composite behaves like a single crystal. �is is not the sole example
of biologicalmesocrystallinity sincemutually aligned building blockswere
also found in nacre. 58–61 �us, mesocrystallinity is not only bene�cial for
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advanced morphogenesis but may open up another opportunity for engi-
neering tailored composite hybrid materials.
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2. Research Objectives

�is dissertationwill explore the occurrence of nonclassical crystallization
processes focussing on the formation of calcium carbonate and related bi-
valent carbonates.
�e occurrence of liquid calcium carbonate intermediates prior to the

formation of crystalline material is still questionable. Several publications
deal with the proposition or report of a liquid intermediate, but mostly
the reports su�er from drawbacks like potential experimental artifacts or
simply the lack of experimental evidence. In case of the ‘polymer-induced
liquid-precursor’ model proposed by L. A. Gower, the existence of a liquid
calcium carbonate precursor was proven clearly and repeatedly. Neverthe-
less the related detailed mechanism of formation still remains nebulous.
�e main objective of this dissertation is to introduce an experimental
setup which enables one to investigate in-depth the very early stages of
homogenous calcium carbonate formation. Based on this setup, the ex-
istence of liquid intermediates during calcium carbonate formation is to (i) Liquid Intermediates. . .
be evidenced. As a following and generalizing step, carbonate minerals
of other bivalent metals will be assayed whether they feature a liquid in-
termediate as well. �e second main objective is to elucidate the stabi-
lization and formation mechanism of the liquid precursor, be it polymer- . . . and their Mechanisms of

Stabilization and Formation?induced or additive-free.�e question is to be answered whether polymer-
induced and additiv-free intermediates originate from the same chemical
phenomenon.
�e topic of nonclassical crystallization comprises more than the oc-

currence of amorphous or liquid intermediates. Two further studies will
complete the picture of nonclassical crystallization of calcium carbonate.
�e molding of calcium carbonate can be e�cently achieved by employ-
ing principles of mesocrystallinity. �is was evidenced by Cölfen et al. in (ii) Compression-Molding in

Mesocrystals?numberous and elegant studies. In these studies, the mineral is the major-
ity part; it is thematerial themescrystal is build of. But the intracrystalline
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2. Research Objectives

minority constituent, e. g. occluded protein in the nacrous layer of Halio-
tis laevigata, experiences as well molding. Strictly speaking it is exposed
to compression-molding. �is aspect of mesocrystallization takes today
second place to the more obvious molding of the majority mineral compo-
nent. Is it possible to employ the concept of compression-molding during
mesocrystal formation to mold a mineralic component?
A crystallization violating not the classical theories of crystal birth and

growth but the classical rules of symmetry surly has to be ranked among
nonclassical crystallization. A symmetry-breaking crystallization of cal-(iii) Symmetry-Breaking

Crystallization? cium carbonate will serve as the concluding and most uncommon exam-
ple of nonclassical crystallizations while addressing the issue of symmetry-
breaking phase selection.
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3. Nonclassical Liquid
Intermediates During the
Homogenous Formation of
Calcium Carbonate

Abstract Homogenous formation of calcium carbonate was followed
contact-free and in situ in acoustically levitated droplets.�e employed
levitation technique allows in situ monitoring of the crystallization
while avoiding any foreign phase boundaries that may in�uence the
precipitation process favoring heterogenous nucleation. Precipitation
of CaCO3 was conducted di�usion-controlled at neutral pH and starts
in the initial step with the homogenous formation of a nanosized
liquid amorphous calcium carbonate emulsion.�is transient phase is
apparently stabilized electrostatically and undergoes in a subsequent
step a solution-assisted transformation to calcite. Cryogenic scanning
electron microscopy studies evidenced that the precipitation is not
induced at the solution/air interface.�ese �ndings demonstrate that a
liquid/liquid phase separation occurs at the outset of the precipitation
under di�usion-controlled conditions with a slow increase of the su-
persaturation at neutral pH, which is typical for biomineral formation.

Associated publications J Am Chem Soc 2008, 130 (37), 12342 – 12347.
Nanoscale 2011, 3, 1158 – 1165.

Highlighted in Nachr Chemie 2008, 10, 90.

�e formation of calcium carbonate has been studied for more than a cen- Introduction
tury with more than 3000 papers over the past 10 years. Whereas the un-
desired precipitation of calcium carbonate is a persistent, expensive, and
widespread problem, 1–4 the directed formation of calcium carbonate with
controlled particle size, shape, and crystallographic phase is crucial for
various commercial applications. Crystallization of calcium carbonate in
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3. Nonclassical Liquid Intermediates During the Homogenous Formation of Calcium Carbonate

natural environments may be summarized under the label biomineraliza-
tion (cf. Chp. 1), where precipitation occurs in the presence of large organic
molecules resulting in the formation of hierarchically ordered inorganic-
organic hybrid structures. 5–7 Recently, much attention has been devoted
to amorphous calcium carbonate (ACC) as a singularmaterial because evi-
dence is increasing that this phase plays a crucial role in biomineralization.
ACC is the most unstable form of calcium carbonate, and under ambient
conditions it transforms quickly intomore stable crystalline forms, such as
vaterite and calcite.8,9Many mineralization processes are now believed to
envolve the transformation of a transient amorphous precursor, 10 which
has been shown to act a reactive in intermediate in generating complex
functional materials. 11,12

Various analytical methods such as fast drying, 13 cryogenic transmis-
sion electron microscopy (cryo-TEM), 14,15 small- and wide-angle X-ray
scattering (SAXS, WAXS) 16–18 and X-ray microscopy 19 have been utilized
to observe the initial formation steps. Rieger et al. studied the formation of
calcium carbonate at high supersaturation (c ≈ 0.01,mol l-1 during precipi-
tation) a�er rapid mixing of the reactants CaCl2 and Na2CO3. Cryo-TEM
studies revealed the formation of emulsion-like structures preceding the
precursor stage and triggered speculations about a spinodal phase separa-
tion between a denser and a less dense phase. 15 Faatz et al. reported the
formation of calcium carbonate from a reaction of calcium chloride with
carbon dioxide, which was homogenously released to the solution by alka-
line hydrolysis of alkyl carbonate.�is homogenous formation of CO2 in
the reaction medium prevents the formation of a gas/liquid interface and
the formation of amorphous calcium carbonate is postulated to proceed by
a liquid/liquid binodal phase separationmechanism,20,21 but no analytical
support for the formation of the proposed emulsion-like early stages could
be provided. Navrotsky explains the formation of monodisperse nanopar-
ticles within the classical LaMer nucleation and growth model.22,23

�e main disadvantage of the most experimental approaches to the pre-
cipitation of calcium carbonate is the diverse and poorly de�ned precip-
itation conditions. Firstly, by way of the heterogenous dissociation equi-
librium of carbonic acid the pH plays an important role. Furthermore,
in most studies precursor solutions were rapidly mixed under turbulent
conditions in order to achieve a su�ciently large supersaturation. �ere
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Introduction

Figure 3.1. Photograph (left) and mode of operation (right) of the
acoustic levitator. A droplet of water is levitated in the
central node of the standing acoustic wave (inset) between
the sonotrode S and a concentrically adjusted reflector R to
demonstrate the levitation of a liquid sample.

are severe disadvantages of the rapid mixing approach. �e system starts
reacting at the interface of two intermixing liquid educts, but a state of
homogenous supersaturation is not reached.24 As a result, artifacts can
occur, e. g. an instantaneous reaction at the interfaces of the two reactants
that meet in themixing device.25 From this preliminary state, primary par-
ticles form with sizes in the nanometer range.
Nucleation is strongly a�ected by foreign bodies (e. g. macromolecules,

spectator ions, liquid/liquid- or solid/liquid-interfaces, like vessel walls or
due to mixing processes).26 �e potential barrier of homogenous nucle-
ation, whichmust be overcome for the formation of a new phase, is a func-
tion of the interfacial energy between the crystal and itsmother phase. Ref-
ereing to this point, foreignmaterials and their phase boundaries will have
an impact not only on the nucleation and crystal growth rates, but also on
the particle size distribution of the product.�ey can induce a shi� away
from a homogenous nucleationmechanism by energetically favoring a het-
erogenous path. Consequently, it is very di�cult to study homogenous
nucleation respective phase separation without intervening heterogenous
bodies e. g. walls of a nozzle or a mixing chamber. It is still a matter of con-
troversy, whether genuine homogenous nucleation can be observed at all,
as it is almost impossible to remove any foreign body or phase boundary
from a system.

15
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Actually, acoustic levitation permits a contact-free crystallizationwith a
minimum of perturbations and requirements for the levitated liquid sam-
ples,27 and the occuring processes can bemonitored in situ by synchrotron
X-ray scattering techniques.�e solution/air interface remains as the only
phase boundary. No other contact or foreign materials are present. In
a levitated droplet, the analyte mass is constant during evaporation and
no losses occur. Working at an oscillating frequency of 58 kHz, a piezo-
electric vibrator acts as an ultrasonic radiator (see Fig. 3.1).28,29 A standing
acoustic wave is generated between this sonotrode and a concentrically
adjusted re�ector at a distance of some multiple of half the wavelength.
As a result of axial radiation pressure and radial Bernoulli stress, liquid
and solid samples can be held in a levitated and contact-free position by
placing it in sound pressure nodes (for further details, see Sec. A.2 in the
appendix). Typically, levitated samples have a volume of 5 nL – 5 µL, which
corresponds to a sample diameter of 0.2 – 2mm. No other constraints on
the sample, such as magnetic or dielectric properties, apply for acoustic
levitation.
Apart from the ultrasonic levitationmethod applied here, only fewother

methods are applicable for an in situ monitoring of crystallization and
phase transition processes under contact-free conditions. But either spe-
cial requirements have to be met or the methods are not contact-free in a
strict sense. Electromagnetic levitation require electrical conductivity of
the samples, 30,31 whereasmethods based on electrostatic levitation operate
under vacuum. 32 Free-jet methods require a fast mixing of educts before
generating a steady-state jet of the intermixed liquids through a nozzle; the
intermediates are captured by cryo-TEM.25 �is combination of methods
implicates various possible artifacts: (i)�emixingmay be incomplete due
to turbulent conditions as discussed above.25 (ii)�e precipitation is not
contact-free in a strict sense and su�ers from wall contacts of the mixing
chamber. (iii)Rieger et al. stated some uncertainties in sample preparation
for cryo-TEM, such as di�erences in (local) cooling rates.25

A droplet of an aqueous saturated solution of calcium bicarbonate withResults
a volume of roughly 4 µL was injected in an ultrasonic levitator. �e cal-
cium bicarbonate concentration increases due to the evaporation of water,
and calcium carbonate starts precipitating because carbon dioxide is re-
leased. Starting from sub-critical concentrations regarding precipitation
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and supersaturation, turbulent mixing conditions of the educts are strictly
avoided, and the in�uence of foreign phase boundaries except for the
air/solution-interface (e. g. vessel walls during preparation or injection
into the levitator) can be ruled out.�e formation and growth of calcium
carbonate in levitated droplets was followed time-resolved from undersat-
urated to supersaturated concentrations in a single experiment by in situ
WAXS experiments performed at a synchrotron micro-spot beamline. In
addition, di�erent stages of the crystallization were characterized by trans-
mission electron microscopy as well as by cryogenic and standard scan-
ning electron microscopy (cryo-SEM and SEM).
�e mineralization was monitored by time-resolvedWAXS.�e respec-

tive di�raction patterns are presented in Fig. 3.2. �e early patterns show
only the di�use scattering of water which vanishes gradually as the wa-
ter evaporates. �e �rst detectable re�ection belongs to the {104} set of
the calcite lattice planes; its intensity increases throughout the experiment.
�e other calcite re�ections (102), (110), (113), and (202) are detectable af-
ter 22min, whereas the weak (006) re�ection was observed a�er 34min.
�e absence of a preferred orientation of the calcite crystals can be de-
duced from the spot-free and continuous Debye-Scherrer rings in the 2d
frames (see Fig. 3.3a). A minimum of the mean particle diameter can be
estimated to approximately 110 nm from the Scherrer equation based on
the (012) re�ection at lowest q (for more details, cf. Experimental Part,
p. 30). 33 �ese values correspond with particle diameters obtained from
TEM and cryo-SEM (vide infra).∗ In situ WAXS experiments do not in-
dicate the presence of crystalline phases other than calcite in signi�cant
amounts; traces of vaterite were observed only in the �nal stages of the
droplet evaporation (< 5% based on the results of Rietveld re�nements). 35

As mentioned above, these early amorphous reaction stages were char-
acterized by transmission electron microscopy (TEM).�e primary prod-
uct consists of nanospheres with an emulsion-like appearance (Fig. 3.4a

∗ For higher scattering vectors the inte-
gral width of the re�ections increasesmono-
tonically resulting in an apparent smaller
calculated size of the crystallites (see Exper-
imental Part for further details).�e advan-
tage of a determination of particle diame-

ters employing the Scherrer method lies in
the possibility to obtain average values for
large quantities, whereas particle sizes deter-
mined by TEMor SEM are (ideally) average
values for a small number (≈ 50) of particles.
See Borchert et al. 34
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Figure 3.2. Scattering curves recorded during evaporation of a levitated
saturated solution of Ca(HCO3)2 which lasted 1 h. Each
diffraction pattern was recorded with an exposure time of
40 s.

(a) (b) Scale bar: 1mm. Photographs were taken after
27min, 35min, 41min and 60min of evapora-
tion.

Figure 3.3. (a)Representative 2Ddetector framemeasured in a late state
of experiment. (b)Microscopy imagesof theevaporationof a
levitated droplet of a Ca(HCO3)2 solution. The whole droplet
appears increasingly opalescent due to an aggregation of
nanoparticles. The very bright spot close to the center of the
droplet is due to reflected light.
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and 3.4b). �e low contrast variation within the particles indicates their
liquid-like character. Solid spherical particles would show a distinct in-
crease in contrast from the surface to the center of the particles. Parti-
cle diameters range from 100 to 300 nm, and their amorphous state was
con�rmed by electron di�raction (ED, see inset in Fig. 3.4b). Remark-
ably, these amorphous particles are stable without stabilizing surfactants
for several hours up to a few days. A�er long storage or upon radiation
damage, crystallization commences. If arti�cial nuclei (e. g. gold nanopar-
ticles) are present, particles with a deviant, non-liquid appearance were
formed (Fig. 3.5 and 3.6).
During the early stages of the crystallization, all Bragg re�ections are

split. As an example the (104) re�ection pro�le at q = 20.68 nm−1 and
20.79 nm−1 is shown in Fig. 3.7. �is doubling of re�ections is caused by
di�raction from two separate areas of the levitated droplet due to di�er-
ences in the distance between detector and sample. According to the geo-
metrical relations given in the Experimental Part (cf. p. 30), one calculates
a distance of 1.52mm. �is �nding shows that the phase transformation
process from amorphous calcium carbonate to crystalline calcite starts at
the droplet surface and thus clearly di�ers from the crystallization within
the droplets.27

In order to determine, whether the amorphous particles initially form
heterogenously at the air/water-surface or homogenously in solution, a
droplet was vitri�cated in liquid ethane, fractured, and the frozen droplet
fragments were dried slowly by ice sublimation. Cryo-SEM revealed that
these �rst particles form homogenously within the droplet volume
(Fig. 3.8). �e particle diameter is in perfect agreement to those deter-
mined by TEM. When a droplet was levitated for about 400 s, a 20 µm
thick layer was formed at the droplet surface. �e particle density in this
surface layer is much higher than particle number density within the vol-
ume of the droplet. As the droplet shrinks due to solvent evaporation, the
already particles accumulate close to the droplet surface.�e sharp inner
boundarywithout any gradient of the particle density clearly indicates that
the particles are only collected at and not formed within the surface layer.
�is e�ect may be viewed as a three dimensional variant of the so-called
co�ee-stain e�ect. 36,37
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(a) Scale bar: 500 nm. (b) Scale bar: 200 nm.

(c) Scale bar: 20 µm. (d) Scale bar: 10 µm.

Figure 3.4. (a, b) TEM micrographs of calcium carbonate particles ob-
tained after 400 s. The low contrast variation within the
particles indicates their liquid character. (c, d) After com-
plete evaporation, SEMrevealed that spherical solidparticles
are present along with rhombohedral calcite crystals; one
single calcite crystal is marked in (d). Based on the morphol-
ogy of the calcite particles, the transition to the crystalline
phase is assumed to take place through recrystallization.
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(a) 300 s; scale bar: 100 nm. (b) 400 s; scale bar: 100 nm.

Figure 3.5. Transmissionelectronmicrographsof crystalline calciumcar-
bonate particles obtained in presence of gold nanoparticles
after (a) 300 s and (b) 400 s.

(a) 300 s; scale bar: 500 nm. (b) 400 s; scale bar: 100 nm.

Figure 3.6. Transmissionelectronmicrographsof crystalline calciumcar-
bonate particles obtained in presence of calcium carbonate
nanoparticles after (a) 300 s and (b) 400 s.
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Figure 3.7. Evolution of the profile of the (104) reflection with increasing
sample concentration (from the lower blue to the upper red
curve). Each curve is shifted by 20 a. u. in direction of I for
illustration, and were normalized to I = 100 at q = 21.5 nm-1.
The reflex at higher scattering angle ismore intense than the
one at lower angle. The latter one derives from crystallites
located at the front side of the droplet and thepeak at higher
angle from its backside. As a result of additional absorption
and scattering losses this peak is less intense.

Figure 3.8. Cryo-SEM studies on a droplet levitated for 400 s, which
was vitrificated in liquid ethane, then cryo-fractured and
lyophilized. Particles form in the whole droplet volume.
Their diameter is in good agreement with diameters derived
from TEM studies. (a) Particles found in the inner part of
the droplet are likely to be formed homogenously. (b) A
20 µm thick layer near the droplet surface develops because
particles accumulate close to the surface while the droplet
shrinksbyevaporation. The fibrous structures inboth images
are artifacts due to ice devitrification. Scale bars: (a) 500 nm
(b) 40 µm.
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Scale factors s, which can be extracted from a Rietveld analysis of the X-
ray powder data series, 33 represent the transformed volume fraction fV(t)
of the calcite phase when all calcite scale factors are rescaled to run be-
tween zero and one. A non-linear least-square �t of this evolution to the
Avrami form (Eq. 3.1 and cf. Sec. A.3 in the appendix) yields a value for
the Avrami exponent n that mainly characterizes the kinetics of the phase
formation. 38–41

fV(t) = 1 − e−kA(t−t0)
n

(Eq. 3.1)

For polymorphic transitions, n ≈ 3 indicates a mechanism where nucle-
ation occurs only at the start of a transformation, a value n ≈ 4 indicates
that the phase transformation continues to formnew growing nuclei in un-
transformed material. A non-linear least-squares �t to the Avrami form
of the present calcite phase yields a value for the exponent n = 8.3, with
t0 = 26min as the time, when crystallization is �rst seen as a Bragg re-
�ection (cf. Fig. 3.9).�is large value of n = 8.3 seems to indicate that the
transformation rate to calcite is high, and it implies a secondary nucleation
on amorphous calcium carbonate particles independent of the calcite crys-
tallites that already exist.�us, the observed precipitation of calcite occurs
rapidly once a critical level has been reached a�er approximately 26min.
�e analysis of the dry residue by scanning electron microscopy (SEM)
showed spherical particles with diameters of about 5 µm, together with
several crystals exhibiting the rhombohedral morphology of calcite crys-
tals (Fig. 3.4c and d). �e observed spherical particles are assumed to be
solidi�ed dry amorphous calcium carbonate which did not transform into
crystalline material.
�e supersaturation of calcium carbonat eincreases due to the loss of Discussion

water by evaporation and a concomitant loss of carbon dioxide from the
droplet. Primary particles are amorphous and of homogenous origin. Cry-
ogenic SEM analysis proved that the particle formation is not induced het-
erogenously at the air/water interface.�e intermediate calciumcarbonate
phase possess an emulsion-like structure, and its occurrence is compatible
with a homogenous liquid/liquid phase separation process. Upon aging,
the particles continuously lose water and solidify, and amorphous calcium
carbonate particles accumulate close to the surface due to the shrinking of

23



3. Nonclassical Liquid Intermediates During the Homogenous Formation of Calcium Carbonate

Figure 3.9. Time evolution of normalized scale factors s(t) from selected
Rietveld refinements (circles) non-linear least-square fitted
to theAvramiequation (solid line) yieldingn= 8.3, t0 = 26min
and kA =0.123min-1. For comparison, a simulated curve with
the parameter n = 3 is given (dashed line).

the droplet.�is thin layer of particles gives rise to the opalescent appear-
ance of the droplet.
�e fact that no other calcium carbonate phase appears seems to con-

tradict Ostwald’s rule of stages,42 which states that the next phase to ap-
pear will be always the nearest by state in energy (cf. p. 5). Our �ndings,
however, can be rationalized by a templated nucleation of calcite on the
surface of the amorphous precursor.43 �e accumulation of amorphous
particles in the thin surface layer near the droplet surface provides a large
surface area for secondary heterogenous nucleation.�e incipient calcite
formation leads to the observed peak splitting in the early stages of crys-
tallization (vide supra and Fig. 3.7).
Calcite formation increases rapidly a�er approximately 26min. �e

high nucleation rate deduced from the Avrami plot goes along with a het-
erogenous nucleation of calcite, the crystallographically detectable phase,
as well. A dissolution-assisted route seems feasible due the well-developed
shape of the calcite crystals. �e amorphous calcium carbonate phase
does not transform completely into calcite. For the formation of calcium
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carbonate, a binodal liquid/liquid phase separation process was proposed
by Faatz et al., but no analytical evidence was given.20 Rieger et al. re-
ported the formation of emulsion-like particles from a rapid mixing at
high supersaturation. In this work it was demonstrated for the �rst time
by a combination (X-ray, TEM, cryo-SEM) ofmethods that a liquid/liquid
phase separation of calcium carbonate does not only occur for large su-
persaturations in case of a fast mixing processes at high pH, but also for a
di�usion-controlled precipitation involving a slow increase of supersatura-
tion at neutral pH.�ese conditions are close to the formation conditions
of biominerals.�e homogenous approach, based on the Kitano-Method
without mixing of educts,44 does not su�er from potential artifacts due to
incomplete intermixing of the precursors.
�e formation of calciumcarbonate by a liquid precursor has been previ-

ously observed by Gower et al.45 �is ‘polymer-induced liquid-precursor’
(PILP) process is believed to play an important role in the morphogenesis
of biominerals and biomimetic materials. Little amounts of small poly-
anionic polymers (such as poly-aspartate)45 or proteins (e. g. ovalbumin,
cf. Chp. 5) are thought to induce a liquid/liquid-phase separation during
crystallization and small colloidal droplets of ametastable and amorphous
liquid-phase mineral precursor are formed. �e results presented here
show that an amorphous liquid-phase mineral precursor is even formed
in the absence of stabilizing polymers or additives, i. e. seems to be a char-
acteristic feature of the homogenous formation of calcium carbonate itself,
independent of the initial supersaturation. Polymers and proteins can aid
in stabilizing this liquid state, but the liquid homogenous particles are re-
markably stable at neutral pH as well.
Interestingly, the emulsion-like particles do not severely aggregate or

coalesce in order to reduce their interfacial energy. �is implies that the
emulsions are electrostatically stabilized, as no other colloidal stabilization
mechanisms apply. As described above, no spectator ions (e. g. Na+ orCl –

released during the reaction ofNa2CO3 with CaCl2) were present, whereas
in almost all previous studies of the very early formation states of calcium
carbonate such counter ions were present in high concentrations. �eir
presence is known to reduce the electrostatic repulsion forces and screen
the surface potential that aggregation or coalescence may occur.46 �ese
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conclusions are supported by experiments where the liquid calcium car-
bonate intermediate was prepared in the presence of 15mmol l-1 of sodium
chloride. In the presence of salt the calcium carbonate emulsion su�ers
from aggregation and coalescence (cf. Fig. 3.10).
�e formation and stability of the liquid-like phase itself may be ratio-

nalized by the presence of several species involved in the process.�e pH
value exerts not only a strong in�uence on the supersaturation level by con-
trolling the concentrations of carbonate, bicarbonate and non-dissociated
carbonic acid. It also determines the concentration of the active calcium
solution species that is involved in complexation and precipitation equilib-
ria.�eir hydroxyl groups can set up an extensive hydrogen-bonding net-
work between the three carbonate species and water, which may interact
with the hydrated or hydrogen carbonate-coordinated calcium ion.�ere-
fore, at neutral pH, this network formation of several species may favor
the formation of an amorphous solid (similar as in glass forming materi-
als such as borates) over the formation an ionic calcium carbonate lattice.
�e presence of (i) various bonding partners, (ii) variable coordination ge-
ometries and coordination numbers of the carbonate groups and (iii) the
associated distribution of local structures may favor the formation of the
non-crystalline phase.
�e ultrasonic trapwas proven to serve as a powerful tool for a real-timeSummary and Conclusion

analysis of nucleation, crystal growth, and phase separation processes by
reducing disturbance and artifacts due to solid phase boundaries to amini-
mum.�us, acoustic levitation provides a reliable sample environment for
studies of homogenous precipitation reactions. Taking advantage of these
bene�ts, the �rst in situ X-ray study of the contact-free homogenous pre-
cipitation of calcium carbonate in a levitated droplet has been conducted.
Homogenous formation of calcium carbonate proceeds via an amorphous
liquid-like state.�is amorphous phase formed in the absence of any stabi-
lizing polymers or additives at neutral pH, and the transient mineral emul-
sion is stabilized electrostatically. Its stability may be further related to
the presence of various species such as carbonate, bicarbonate, and non-
dissociated carbonic acid involved in the process. �e formation of an
amorphous liquid-phase mineral precursor seems to be a characteristic of
the truly homogenous formation of calcium carbonate itself. In a second
step, these primary particles template the crystallization of calcite. Finally,
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Experimental Part

Figure 3.10. A liquid calcium carbonate intermediate prepared in pres-
ence of 15 mmol l-1 sodium chloride suffers from severe
aggregation and coalescence, e. g. the 200-fold magnifica-
tion inset shows a aggregate of four particles. This behavior
points toanelectrostatic stabilizationof theemulsion. Scale
bar: 500 nm.

calcium carbonate may be regarded the �rst example where a liquid amor-
phous precursor could be identi�ed for an inorganic mineral phase unam-
biguously without artifacts.25

Experimental Part

�e crystallization was carried out homogenously according to the Kitano
method.44 By slow evaporation of water or a slow release of carbon diox-
ide from a saturated solution of calcium bicarbonate calcium carbonate is
formed.

Ca(HCO3)2 Ð→ CaCO3 +CO2 +H2O

A suspension of calcium carbonate (p. a., Sigma Aldrich) in ultra pure wa-
ter (Millipore Synergy 185 with UV photo oxidation, 18.2 MΩ cm−1) was
extensively treated with carbon dioxide (Westfalen AG).�e obtained sat-
urated solution of calcium bicarbonate was �ltered with a cascade of sy-
ringe �lters, which consists of a 0.1 µm Millipore Millex VV followed by
20 nm Millipore Anotop in series. A�erwards, the �ltered solution was
again treated extensively with carbon dioxide to dissolve nuclei with di-
ameters below 20 nm. In control experiments, crystallization nuclei were
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prepared by skipping this removal step in order to preserve calcium car-
bonate nuclei or by adding gold nanoparticles prepared according to the
method of Gittins and Caruso.47,48

One droplet of an aqueous sample with a volume of approximately 4 µL
was manually injected in the ultrasonic levitator (Tec 5, Oberursel, Ger-
many). SEM investigations were performed with a Zeiss DSM 940 run-
ning at 10 kV. Samples for cryo-SEM were prepared by plunging the re-
spective droplet in liquid ethane, and transferring it directly into a cryo-
preparation chamber (FEI Quorum PolarPrep 2000), where it was cryo-
fractured a�er removal of excessive ethane at −60° C and 10−6mbar. Un-
der these conditions, the vitreous ice transforms into a crystalline state
(which is the origin of the �brous artifacts mentioned above which are dis-
cussed in detail in Chp. 6). A�erwards the samples were transferred to the
nitrogen-cooled cryo-stage of the cryo-SEM (FEI xT Nova 600 Nanolab),
and the water was slowly removed by sublimation at −5° C and 10−6mbar
which was monitored in situ by SEM at 2 – 10 kV. TEM investigations were
carriedwith a Phillips EM420 running at 120 kV, equippedwith anORCA-
ER Camera (1024× 1024 pixel) and run with AMT Image Capture Engine
v5.42.540a.�e samples were prepared by transferring the respective drop-
let on a lacey-coated TEM grid (Plano, Germany), followed by washing
with water and air-drying.
Wide-angle X-ray scattering (WAXS) experiments were performed us-

ing the µSpot beamline at BESSY (Fig. 3.11), which is equipped with a dou-
ble crystal monochromator, yielding a monochromatic X-ray beam of λ =
1.00257Å. Further information concerning the general setup are given by
Paris et al.49 A pinhole system provides a beam of 20 µm cross section
with a photon �ux of about 109 per second and a ring current of 100mA.
�e scattering pattern from corundum serves as external calibration stan-
dard. No mathematical ‘desmearing’ of the experimental scattering inten-
sity function was needed due to the small beam diameter of the incident
beam. In case of the levitated droplets, the scattering from the pure sol-
vent was measured and used as an estimate of the background contribu-
tion. �e obtained data was not corrected for background scattering, as
it was not possible to correlate the shrinking volume of the sample solu-
tion with that of a water droplet for every state of evaporation consider-
ing the accompanying change of X-ray absorption. �e scattering vector
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Figure 3.11. Experimental setup at the µSpot beamline integrates the
acoustic levitator for SAXS and WAXS measurements. The
levitated sample ismonitoredand remote controlledduring
thewholeexperiment. Thepivotingmicroscopedetermines
exactly the position of the 20 µm beam at the sample.

Figure 3.12. Geometric derivation of sample diameter.
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Figure 3.13. Geometric derivation of crystallite size.

q = 4π/λ sin(θ) is de�ned in terms of the angle 2θ between incident and
scattered radiation of the wavelength λ.�e data were processed and con-
verted into diagrams of scattering intensities I versus q by employing algo-
rithms of the computer program Fit2d. 50

Based on the peak splitting, the sample diameter x can be extracted. InPeak Splitting
order to illustrate the relations in both triangles the shared opposite edge
of the scattering angles θ1 and θ2 is marked (y) in Fig. 3.12. �e distance
between the detector and the sample is represented by D.

tan θ1 = y
D + x

tan θ2 = y
D

x = D ⋅ tan θ2
tan θ1

− D

(Eq. 3.2)

�e Scherrer equation is given in the following equation, in which DhklScherrer Equation
is the crystallite size, k a constant close to one, λ the wavelength of the
radiation used, ω is the peak width in 2θ scale and θ is the angle of the
investigated Bragg re�ection. It correlates on the wavelength independent
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q-scale through the derivation of the de�ned scattering vector q with re-
spect to θ.�e width of a re�ection is de�ned by its integral width Bint .

Dhkl = k λ
ω cos θ

(Eq. 3.3)

Bint makes the calculation of the crystallite size Dhkl independent on the
re�ection pro�le. Keeping inmind the negligible instrumental broadening
of the re�ection width, the re�ection width of the di�raction patterns can
be used to estimate the averaged grain size.

Bint = ∫
∞
0 I(q)
I(qmax)

(Eq. 3.4)

�e crystallite size was derived from di�raction pattern obtained from
the �nal evaporated state, where no peak splitting was detected anymore.
�e derived integral width increases monotonically for higher scattering
angles. �erefore, the mean value for the minimal size of crystallites de-
creases reciprocally. For synchrotron di�raction patterns the broadening
due to beam divergence (< 1 mrad), energy resolution (∆E/E = 10−4) and
the diameter (20 µm) are negligible andwill not be taken into account. Fur-
ther in�uence of apparative broadening was taken into account by com-
parison to the external standard corundum. Furthermore, the observed
sample diameter is small (r = 0.01 – 2mm) in relation to its distance to
the detector (dPD = 267mm), but large in relation to the beam diameter
of 20 µm). Consequently, the analyzed scattering volume is limited by the
beam diameter and the extent perpendicular to the beam, respectively. A
further error in the direction of the beam is present.�e maximum error
appears due to di�raction on the sample surface for penetrating and leav-
ing radiation a�er correction through absorption with maximum equal
intensity.�is error is at maximum for the smallest scattering angles and
decreases for higher angles. �e triangle ABC is de�ned by its two edges
(CA = dPD and BC = x), its enclosed angle (dθ), and the angle opposite to
the longer edge (θ). Based on the law of sines and Fig. 3.13, the following
straightforward relation can be formulated.

x
dPD

= sin dθ
sin θ
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dθ = arcsin x sin θ
dPD

Here, x is the sample diameter and dθ is the broadening of the Bragg re-
�ection.�e broadening is negligible for the smallest scattering angles but
increases for higher scattering angles and for larger samples as well. For
the �nal state of the evaporation experiment, the broadening can be esti-
mated to Bint ≈ 0.05 nm−1. �is is in the same range as the value of the
measured re�ection width and therefore no correction was applied. How-
ever, it causes an apparent decrease of the crystallite size for higher scat-
tering angles. Anisotropic crystals show �uctuating values for di�erent
crystallographic axes. �e values changes monotonously for the present
measurements and therefore point to isotropic crystal forms.
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4. Nonclassical Homogenous
Formation of Divalent Metal
Carbonate Minerals

Abstract �e homogenous formation of divalent metal carbonates
from their bicarbonate solutions were studied by in situ X-ray scat-
tering and transmission electron microscopy. It will be shown that
the homogenous formation of metal carbonates (MCO3, M = Ca, Sr,
Ba, Mn, Cd, Pb) proceeds via an amorphous liquid-like intermediate
in analogy to the formation of calcium carbonate. �is amorphous
transient phase is formed in the absence of any stabilizing polymer
or additive at neutral pH. Beside a electrostatical stabilization, the
stability of the liquid-like precursor may be related to the presence of
various species such as carbonate, bicarbonate and non-dissociated
carbonic acid involved in the process.�e formation of an amorphous
liquid-phase mineral precursor seems to be a characteristic of the
homogenous formation of carbonates at neutral pH and indicates
nonclassical homogenous crystallization of divalent metal carbonates.

Associated publications Nanoscale 2011, 3, 1158 – 1165.

Because of its apparent simplicity, calcium carbonate is a popular model Introduction
system for the study of nucleation and crystallization of minerals. Not
long ago, the formation of calcium carbonate was discussed within the
classical picture of crystallization based on the assumption that the for-
mation of calcium carbonate crystals proceeds via nucleation and growth.
However, during the past years there has been increasing evidence that
amorphous calcium carbonate (ACC) plays a crucial role in crystalliza-
tion. ACC is the most unstable form of calcium carbonate, and under am-
bient conditions it transforms quickly into more stable crystalline forms,
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4. Nonclassical Homogenous Formation of Divalent Metal Carbonate Minerals

such as vaterite and calcite. 1,2 Many mineralization processes are now be-
lieved to occur through the transformation of a transient amorphous pre-
cursor, 3 which acts as a reactive in intermediate in generating complex
functional materials. Odom and Gower were the �rst to postulate the
existence of a phase prior to the ACC phase called a polymer-induced
liquid-precursor (PILP) phase,4 which is a highly hydrated phase consid-
ered to be even more labile than the solid amorphous phase. Various
analytical methods have been utilized to observe these initial formation
steps, such as fast drying,4 cryogenic transmission electron microscopy
(cryo-TEM), 5,6 X-ray microscopy,7 and small- and wide-angle X-ray scat-
tering (SAXS, WAXS).8–10 Rieger et al. studied the formation of calcium
carbonate at high supersaturation (c ≈ 0.01mol l-1 during precipitation) af-
ter rapid mixing of the reactants CaCl2 and Na2CO3.6,7 Cryo-TEM stud-
ies revealed the formation of emulsion-like structures preceding the pre-
cursor stage and triggered speculations about a spinodal phase separation
between a denser and a less dense phase. Faatz et al. reported the forma-
tion of calcium carbonate from a reaction of calcium chloride with carbon
dioxide, 11,12 which was homogenously released to the solution through the
alkaline hydrolysis of alkyl carbonate. Here the homogenous formation of
CO2 in the reaction medium prevents the formation of a gas/liquid inter-
face, and the formation of amorphous calcium carbonate is postulated to
proceed by a liquid-liquid binodal phase separationmechanism. 11 No ana-
lytical support for the formation of the proposed emulsion-like early stages
was provided.
�e precedent chapter concerning a transmission electron microscopy

(TEM) study of the contact-free crystallization of calcium carbonate re-
vealed the existence and homogenous formation of a liquid amorphous
precursor phase in the absence of additives, which supports the idea of
a nonclassical route for calcium carbonate formation (cf. Chp. 3). In or-
der to achieve a large homogenous supersaturation of the solution and to
suppress nucleation by the action of foreign bodies (e. g. macromolecules,
spectator ions, liquid/liquid- or solid/liquid-interfaces, like from vessel
walls or due to mixing processes) the crystallization experiments starting
from calcium bicarbonate solution were carried out in an ultrasonic lev-
itator. TEM revealed that a liquid calcium carbonate phase was formed,
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which solidi�es in the course of time. Cryogenic scanning electron mi-
croscopy (cryo-SEM) proved that the observed liquid particles form ho-
mogenously within the droplet and not by heterogenous nucleation at the
air/water interface.
In this chapter, it shall be pointed out with the aid of TEM and SAXS

studies that nonclassical crystallization via a liquid precursor phase applies
not only to calcium carbonate (CaCO3) but also to other divalent carbon-
ate minerals (MCO3, M = Ca, Sr Ba, Mn, Cd, Pb).
Saturated bicarbonate solutions were prepared analogously as before by Experimental Part

treating a slurry of the respective carbonate (MCO3, M = Ca, Sr, Ba, Mn,
Cd or Pb) in ultrapure water (Millipore Synergy 185 with UV photo oxida-
tion, 18.2MΩ cm−1) with carbon dioxide (Westfalen AG).�e slurry was
�ltered down to 20 nm with a cascade of syringe �lters (0.1 µm Millipore
Millex VV and 20 nm Milipore Anotop) and treated again with carbon
dioxide for at least 1 h per 10ml �ltrate. �e resulting bicarbonate solu-
tion is virtually free of foreign and metal carbonate nuclei as veri�ed by
SAXS and TEM.�e mineralization of a 4 µL droplet of mother solution
was performed contact-free by means of an ultrasonic levitator (58 kHz,
Tec 5, Oberursel, Germany). TEM investigations were carried out with a
Phillips EM420 running at 120 kV, equipped with an ORCA-ER Camera
(1024× 1024 pixel) and run with AMT Image Capture Engine v5.42.540a.
TEM samples were prepared by transferring a droplet to a lacey-coated
TEM grid (Plano, Germany) and air-drying. A washing step was omitted
because this lead to complete dissolution of the liquid transient phase.
Wide-angle and small-angle X-ray scattering (WAXS, SAXS) experi-

ments were performed at the µSpot beamline of BESSY, which provides
a monochromatic beam (λ = 1.00257Å based on calibration with corun-
dum) and a photon �ux of about 109 s−1. 13 Due to a small beam diameter
of 20 µm a mathematical desmearing of the experimental scattering inten-
sity function was obsolete. Reduction of scattering data was accomplished
with the data analysis program Fit2d. 14

Liquid-like particles were obtained for all samples as depicted in Fig. 4.1. Results
�e low contrast variation within the particles indicates their liquid char-
acter. Solid spherical particles would show a distinct increase in contrast
from the surface to the center of the particles.�e existence of liquid state
could be proven with the aid of an experimental artefact. When preparing
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Alkaline Earth
Carbonates

Life-span Non Alkaline
Earth Carbonates

Life-span

CaCO3 400 s MnCO3 400 s
BaCO3 300 s PbCO3 400 s
SrCO3 250 s CdCO3 800 s

Table 4.1. Maximum life-span of liquid intermediates of the six in-
vestigated carbonate minerals as roughly estimated by TEM
analysis.

the specimens on a TEM grid, excess mother solution had to be removed.
�e solvent removal occasionally exerted a �ow on the settled �uid min-
eral particles (see Fig. 4.3) and lends further evidence for their liquid state.
�e life-span of the emulsion state was be roughly assessed by TEM

analysis a�er di�erent periods of levitation (see Table 4.1). For all six com-
pounds, crystallization of the correspondingmetal carbonate was induced
in the electron microscope a�er exposing the samples containing liquid-
like particles to the electron beam. �e crystallization may be attributed
to a loss of water of hydration.
�e formation of the crystalline carbonate phases from the liquid in-

termediate was monitored in situ by wide-angle scattering (WAXS, see
Fig. 4.2). �e �rst patterns only show di�use scattering of water, which
vanishes gradually as the water evaporates. �e Bragg re�ections of the
mineral appear according to their intensity, i. e. the (104) re�ection of cal-
cite for CaCO3, or the (111) re�ection of strontianite (SrCO3) andwitherite
(BaCO3) as the �rst. Cadmium carbonate does not develop a crystalline
mineral phase in detectable amounts during the levitation process until
the evaporation solvent evaporation is complete. �is is compatible with
the long life-span of the liquid amorphous intermediate of cadmium car-
bonate (CdCO3).
�e occurrence of liquid precursors in six di�erent carbonate mineralsDiscussion

demonstrates that the nonclassical crystallization route via a liquid inter-
mediate is not a singular phenomenon of the extensively studied calcium
carbonate system. It seems to be a characteristic of divalent metal carbon-
ate compounds and may be related to the degrees of freedom of carbonate
anions (e. g. rotational, tilting, protonation) that pose a potential barrier
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Figure 4.1. Transmission electron micrographs of liquid-like particles
formed by metal carbonates (MCO3, M = Ca, Sr. Ba, Mn, Cd,
Pb). The respective electron diffraction is shown in the inset,
which indicate the amorphous state of the particles.
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(a) Barium carbonate, BaCO3. (b) Cadmium carbonate, CdCO3.

Figure 4.2. Wide-angle scattering monitored during evaporation of
a saturated divalent bicarbonate solution under levitated
contact-free conditions, here (a) barium carbonate and
(b) cadmium carbonate. The first scattering curves are
colored in blue; the scattering during the last state of exper-
iment is printed in red. Barium carbonate finally forms the
mineral phase witherite, which is orthorhombic and isotypic
with aragonite (high pressure phase of CaCO3) and stable
at ambient conditions. Cadmium bicarbonate does not
end up in crystalline material, cadmium carbonate remains
amorphous.

Figure 4.3. Precursor particles of the liquid-like barium carbonate min-
eral phase which experienced a forced flow. The particle
shape illustrates its fluid character. Scale bar: 500 nm.
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for crystallization. No additives were needed to stabilize the liquid precur-
sors.
Why is a liquid mineral emulsion with a lifetime of several minutes

formed? Besides the electrostatic stabilization, which was proposed in
the preceding chapter, the liquid intermediate gains its stability from a
3d-disordered network built up by a variety of interacting species. In a
bicarbonate bu�er solution at pH ≈ 7, numerous carbonate species coex-
ist, i. e. the CO 2 –3 , HCO –3 and undissociated H2CO3. 15–17 �ese carbonate
speciesmay serve asmono- and/or bidentate ligands for the divalentmetal
ions. Uncoordinated carbonate species and all possible varieties of metal
complexes can build up a hydrated network based on hydrogen bonding.
�e presence of (i) various bonding partners, (ii) variable coordination
geometries and ligands of the metal center, (iii) alternating coordination
numbers of the carbonate groups and (iv) the associated variation of local
structures favors the formation of the hydrated non-crystalline phase. In
the bicarbonate bu�er regime the variation of local structures will develop
amaximum as all three di�erent carbonate species are present in compara-
ble concentrations. At higher pH, the CO 2 –3 anion will dominate and the
number of carbonate complexes will decrease accordingly. Consequently,
a less hydrated and less disordered network gets formed, which can trans-
form to a crystallinematerial more easily as it resembles one of the carbon-
atemineral crystal structuresmore closely. 18 Prenucleation clusters, which
were recently detected in carbonate bu�er solution at pH 9– 10 and were
roughly estimated to consist of 70 calcium and 70 carbonate ions, may be
viewed as a representative of such a hydrated polynuclear coordination
network. 17 �e size distribution (2 – 4 nm) of the prenucleation clusters is
determined by the electrostatic stabilization and their synthesis at under-
saturated concentration. �e surface charge density is a function of the
ion activity and the pH, i. e. it critically depends on the experimental con-
ditions:�e higher the pH and thus the surface charge density, the smaller
will be the stable particle radius.
In conclusion, it could be shown that the homogenous formation of Conclusions

metal carbonates (MCO3, M = Ca, Sr, Ba, Mn, Cd, Pb) proceeds via an
amorphous liquid-like state. �is amorphous phase is formed in the ab-
sence of any stabilizing polymers or additives at neutral pH, and the tran-
sient mineral emulsion is stabilized electrostatically. Its stability may be
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related to the presence of various species such as carbonate, bicarbonate
and non-dissociated carbonic acid involved in the process. It is not limited
to calcium carbonate and seems to be a quite general phenomenon. �e
formation of an amorphous liquid-phase mineral precursor seems to be a
characteristic of the homogenous formation of carbonates. It is not limited
to calcium carbonate and seems to be a quite general phenomenon. All
presented observations suggest that the present ideas of calcium carbon-
ate morphosynthesis could be applicable for a wider range of minerals if
a liquid precursor phase plays a key role during morphogenesis, e. g. like
in case of strontianite and vaterite nanowires, 19,20 the PILP process,4 or
meso- and nonclassical crystallizations in general.21,22
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5. Stabilization and
Destabilization of the Transient
Liquid Calcium Carbonate
Precursor Phase by
Ovo-Proteins

Abstract �e impact of the ovo-proteins ovalbumin and lysozyme
on homogenous formation of the liquid-like calcium carbonate precur-
sor was studied. If the di�erently charged biopolymers ovalbumin and
lysozyme are present at 7.5 g l-1, the basic and positively charged protein
lysozyme (pI = 9.3) destabilizes the emulsi�ed state whereas the nega-
tively charged acidic protein ovalbumin (pI = 4.7) extends its life-span.
As lysozyme demulsi�es the transient state, the assumption of nega-
tive surface charge and an electrostatic stabilization of the pure emul-
si�ed liquid calcium carbonate precursor is reasonable. �e ‘polymer-
induced liquid-precursor’, reported by L. B. Gower, rather seems to be
a�ected by polymers like poly-acrylic acid or ovalbumin in terms of
depletion destabilization than literally induced by acidic proteins and
polymers.
Ovalbumin represents the �rst natural protein, which behaves com-
mensurable to the PILP model. In the light of the presented data it can
be further speculated, whether ovalbumin takes a key role during the
�rst stages of egg shell formation. Ovalbumin is capable to serve (a) as
e�ective stabilization agent for a transient mineral precursor, (b) as
a storage protein (aggregate) of inorganic egg shell components and
(c) as a prevention of undirected mineralization in favor of a directed
mineralization of the egg shell.

Associated publications J Am Chem Soc 2009, in preparation.
J Am Chem Soc 2008, 190 (21), 6879 – 6892.∗

Gaining control over morphogenesis and phase selection emerges today Introduction
as a pivotal challenge for material sciences and technology since the entire

∗ co-authorship

45



5. Stabilization and Destabilization of the Liquid Precursor Phase by Ovo-Proteins

characteristics of a material can be altered by modifying its shape, phase
size, and substructure. Biominerals show prominently, that very simple
and abundant minerals may exhibit superior properties in order to serve
as sensors, skeletal support, or protection of so� tissues. 1–3 Combining in-
organic toughness with organic elasticity, biominerals excel their purely in-
organic counterparts. Intra-crystalline biomacromolecules (e. g. proteins,
glycoproteins, polysaccharides, or proteoglycans) are o�en highly acidic
and are assumed to induce and control nucleation, phase, growth, size and
shape of the emerging biomineral.4–6 In case of the calci�ed layer of avian
eggshells, the mineral layer consists of roughly 5% organic material beside
the mineral phase; the latter is almost exclusively the thermodynamic sta-
ble mineral phase calcite (CaCO3).7 �e avian eggshell is one of the fast
forming biominerals; roughly 5 g of calcium carbonate is deposited dur-
ing 22 h of egg shell formation in an acellular environment. Nevertheless,
the eggshell is crystallographic highly orientated, permeable at the same
time and its breaking is crystallographic controlled. 1,8,9 Ovalbumin and
lysozyme are two of the egg white proteins which are present during the
initial stage of egg shell formation. 10,11 �e acidic glycoprotein ovalbumin
(pI = 4.7, 45 kDa) is themost dominant protein during the initial stage, and
contributes 54% to the hen egg white but its biological function is still un-
clear. 12–14 Lysozyme (pI = 9.3, 14.3 kDa, 3.5% of the hen egg white) ful�lls
antibacterial tasks and thus plays a chemical protective function during
avian embryonic development.7,15 Di�erent observations strongly support
the idea that the eggshell matrix compounds regulate the egg shell forma-
tion. Each phase of shell mineralization (nucleation, rapid crystal growth
and the completion of shell formation) is associated with a speci�c distri-
bution of biological macromolecules in the uterine �uid. 16 Furthermore,
bicarbonate concentrations are close to 100mmol l-1 in the uterine �uid,
and the calcium concentration ranges from 5 to 10mmol l-1.�e inorganic
constituents are 60- to 100-fold hypersaturated with regard to the solu-
bility product of calcite. �erefore, the components of the uterine �uid
have to prevent unfocused precipitation in favor of a controlled, spatially
restricted growth of the egg shell via a precursor or a storage process. To-
day, the amorphous phase of calcium carbonate (ACC) is assumed to take
this role of a transient precursor phase during several biomineralization
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and biomimetic processes, 17–19 as it was shown exemplarily in case of lar-
vae of sea urchins or molluscan bivalves.20,21 ACC is the most unstable
form of calcium carbonate, and under ambient conditions, it transforms
quickly into more stable crystalline forms, like vaterite and calcite. 5 How-
ever, Gower suggested the existence of a liquid transient phase prior to
ACC which formation is induced by the addition of small poly-anionic
polymers like polyaspartate or polyacrylate.�ese polymers are assumed
to gather and to sequester cations and, as a consequence, to attenuate the
supersaturation and to delay the crystallization.22Meanwhile, this polymer-
induced liquid-precursor (PILP) phase, which is considered to be even
more labile than the solid amorphous phase, was repeatedly employed to
prepare di�erent exceptional morphologies of calcium carbonate.22–26

In the preceding chapter (Chp. 3) the existence of a transient and liquid-
like amorphous calcium carbonate phase was discussed, which is formed
without an induction by small anionic polymers at the outset of the pre-
cipitation of calcium carbonate. By employing a contact-free sample en-
vironment, heterogenous nucleation was suppressed and cryogenic scan-
ning electron microscopy (cryo-SEM) proved this approach to be success-
ful, as the observed liquid particles form homogenously within the droplet
and not by heterogenous nucleation at the air/water interface. �is chap-
ter addresses the issue, how ovo-proteins of di�erent type and isoelectric
point (pI), which are present at the �rst stage of egg shell formation, bias
the formation of calcium carbonate in general and how these natural pro-
teins in�uence the liquid precursor of amorphous calcium carbonate in de-
tail.�e attendant proteins have to prevent undirectedmineralization and
should provide support during directed mineralization, maybe in terms
of a storage function or stabilization for a transient precursor. As a model,
the acidic protein ovalbumin is contrasted (pI = 4.7) with the basic pro-
tein lysozyme (pI = 9.3) which both are present during the �rst stage of
egg shell formation.�e crystallization was carried out homogenously ac-
cording to the Kitano method,27 where calcium carbonate is formed by
slow evaporation of water and concomitant slow release of carbon diox-
ide from a saturated solution of calcium bicarbonate. �is precipitation
proceeds slowly at nearly neutral pH because of the inherent bicarbonate
pu�er system (pH =7.35 – 7.45). In order to study the impact of proteins
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on the homogenous formation of calcium carbonate, an ultrasonic levita-
tor was employed to prevent heterogenous in�uences of foreign materials
and their phase boundaries as described previously (cf. Chp. 3).28 In situ
X-ray scattering experiments were performed at a synchrotron microspot
beamline to monitor the mineral phase formation. In addition, di�erent
stages of the crystallization were characterized by transmission and scan-
ning electron microscopy (TEM, SEM).
One droplet with a volume of 4 µL of solution was levitated, which con-Results and Discussion

tained beside the respective ovo-proteins (7.5 g l-1), calcium bicarbonate
at a saturated concentration (≈ 10mmol l-1). Due to slow evaporation of
water and concomitant slow release of carbon dioxide calcium carbonate
was formed.�e high concentration of proteins should resemble the condi-
tions in the uterine �uid.�e precipitationwas followedbymeans of in situ
wide-angle X-ray scattering; the respective patterns are shown in Fig. 5.1.
�e appearance of Bragg re�exes indicated the incipient crystallization—
more strictly, the formation of the �rst crystalline phase as amorphous
phases may precede it, which are undetectable by di�raction. �e time
which passed until these �rst re�exes appearedwas quanti�ed by anAvrami
analysis of the integral re�ex intensities.29–31 Corrected and normalized
integral intensities of the (104) re�ex were �tted to a Weibull function,
whose respective in�exionpointwas used as a comparative value t104p which
corresponds to the elapsed time when calcite formation ceased.
In absence of proteins, the �rst detectable re�ex belonged to the {104}

set of calcite lattice planes. Later, other re�ections followed: (104), (102),
(110), (113), (202) appeared almost synchronous whereas the weakest re-
�ection (006)was detected as the latest (Fig. 5.1a). A t104p value of 34.5min
was estimated (Fig. 5.2a). Evaluating the �nal WAXS pattern of the dry
sample, only the stable calcite phase was found (cf. Fig. 5.2b). �e dry
sample was investigated with scanning electron microscopy and showed
that spherical solid particles were present alongwith rhombohedral calcite
crystals (Fig.5.3a); the former particles consisted of solidi�ed dry amor-
phous calcium carbonate, which did not transform into crystalline mate-
rial (cf. Chp. 3).28 In presence of lysozyme, the evolution of the WAXS
patterns did not change signi�cantly (Fig. 5.1b). Slow increases in inten-
sity in the small angle regime indicated agglomeration of lysozyme; 32,33

these signals disappeared when the sample had reached its dry state.�e
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(a) In absence of protein. (b) In presence of 7.5 g l-1 lysozyme.

(c) In presence of 7.5 g l-1 ovalbumin.

Figure 5.1. Evolutionof scattering intensities during in situmonitoringof
the evaporation of a levitated calcium bicarbonate solution
in presence and absence of proteins.
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kinetics of the precipitation process did not di�er signi�cantly from those
of a protein-free mineralization (t104p = 31min, cf. Fig. 5.2a). As found in
absence of proteins, the �nal mineral phase is the thermodynamic stable
phase calcite. Presence of ovalbumin a�ected the precipitation of calcium
carbonate very considerably. �e formation of crystalline calcium car-
bonate was strongly retarded; a�er 53min re�exes appear quite abruptly
(t104p = 53min, cf. Fig. 5.2a). In contrast to the two other experiments
with lysozyme and without protein, only the presence of ovalbumin led
to a mixture of calcium carbonate phases (Fig. 5.2b). A ratio of 80.16% va-
terite vs. 19.83% calcite was determined based on Rietveld re�nements. 34

Small-angle scattering emerged later than in case of lysozyme. In a recent
small-angle neutron-scattering (SANS) study, 35 ovalbumin was shown to
collect a high load of calcium ions from solution. As a consequence of
the concomitant breaking of intermolecular hydrogen bonds due to com-
plexation of calcium by the protein’s acidic groups, ovalbumin aggregates
and refolds to form a Gaussian chain with large segments. TEM and stan-
dard microscopy revealed that these protein chains aggregate further to
form �brils featuring a high aspect ratio (cf. Fig. 5.4). In the �nal dry
sample, these protein �brils fully dominated the appearance of the residue
(cf. Fig. 5.3). EDX spectroscopy revealed that the prominent knobs at the
residue’s outer surface consisted of calcium carbonate, whereas the other
remains were protein aggregates.
As amorphous intermediates cannot be traced by di�raction, the early

stages of mineralization were investigated by transmission electron mi-
croscopy (TEM). In case of the pure calcium bicarbonate solution, a liq-
uid/liquid phase separation occurs at the outset of the precipitation prior
formation of the crystalline calcite phase as shown in the previous chapter
(cf. Fig. 5.5a and Chp. 3).�e amorphous state of the droplets, which were
formedduring the early stages of precipitation, was ascertained by electron
di�raction (ED, see inset in Fig. 5.5a). �e low contrast variation of the
droplets gave evidence of their liquid-like character; solid spherical parti-
cles would show a distinct increase in contrast from the particle boundary
to their center whereas liquid droplets will undergo di�uence to �at parti-
cles if they settle down on a �at surface (here a coated TEM grid) and thus
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(a) Integral Intensity of the (104) reflexes as a function of time.
The corresponding t104p values are marked by anchor lines.

(b)WAXS patterns of the final stages of crystallization (black line)
and their corresponding Miller indices (anchor lines). The
lower pattern was obtained from protein-free precipitation
and shows only Bragg reflexes of calcite (red anchor lines).
The upper pattern of crystallization in presence of ovalbumin
features Bragg reflexes both calcite (red anchor lines) and
vaterite (blue anchor lines).

Figure 5.2. Integral Intensity of the (104) reflexes as a function of time
and WAXS pattern of the final stages of crystallization.
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(a) Scale bar: 10 µm. (b) Scale bar: 20 µm.

Figure 5.3. Scanning electronmicrographs of the final stages of precipi-
tation of (a) pure calcium carbonate, (b) calcium carbonate
in presence of 7.5 g l-1 ovalbumin.

(a) Stained with bromthymol-blue.
Scale bar: 50 µm.

(b) Scale bar: 500 nm.

Figure 5.4. (a)Standardmicroscopyand (b) transmissionelectronmicro-
graphs of ovalbumin fibrils, whose formation was induced
by the addition of 10 mmol l-1 calcium chloride.
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the contrast gradient due to a varying diameter of the particle would disap-
pear.28,36 Electrostatical stabilization of this emulsion-like state is reason-
able as no other of the classical colloidal stabilization mechanisms—i. e.
sterical or depletion stabilization—can apply. �e droplets consisted of
highly hydrated calcium carbonate; the radiative stress during the TEM
analysis induced crystallization of calcium carbonate due to loss of water
of hydration. In presence of lysozyme during the precipitation process,
the salient emulsion-like appearance of the precursor vanished. Instead
of individually droplets, an intense coalescence seemed to have occurred
during the �rst 400 s (cf. Fig. 5.5b). Electron di�raction (ED) showed
these structures to be as well non-crystalline (inset of Fig. 5.5b). As im-
plied by the deviation of the WAXS patterns, the impact of ovalbumin
on the precursor structures di�ered distinctly from the e�ect lysozyme
induced. �e liquid intermediate was considerably stabilized and its life-
span was greatly extended in presence of ovalbumin during the precipita-
tion. Whereas sporadic crystalline material could be found a�er ≈ 500 s
by TEM in absence of proteins, an emulsion-like state still existed a�er
500 s (Fig. 5.5c) and persisted up to remarkable 1 000 s (cf. Fig. 5.5d). �e
appearance of the ovalbumin-stabilized mineral emulsion completely re-
sembled the one which formed in absence of protein (cf. Fig. 5.5a vs. 5.5d)
and the amorphous state of the droplets could be veri�ed by ED.�e ques-
tion arose, whether ovalbumin was accumulated in the calcium carbonate
droplets or if it remained in the mother solution. Samples, which were ob-
tained a�er 300 s at a protein concentration of 0.5 g l-1, were �xated by dry-
ing at 40° C for 48 h and studied by a polyclonal immunogold (IG) label-
ing in order to locate ovalbumin. As shown in Fig. 5.6, the droplet su�ered
from the steps of rinsing, which are inevitable during IG-labeling. Never-
theless, IG-labeling could be accomplished and the labeling was found to
be associated partially with the droplets and—to a much lesser extend—
randomly distributed as well. A labeling ratio of 1 : 6.78 of unbound vs.
droplet-associated labelingwas determined.�us, ovalbumin remains par-
tially in solution, but a moiety is in fact incorporated in the droplets of
liquid calcium carbonate.
Ovalbumin is capable to stabilize extensively the liquid precursor phase Conclusions

of calcium carbonate, whereas lysozyme rather destabilizes the transient
phase. According to WAXS, this induces a shi� in phase composition of
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(a) 400 s, scale bar: 500 nm. (b) 400 s, scale bar: 500 nm.

(c) 500 s, scale bar: 500 nm. (d) 1 000 s, scale bar: 500 nm.

Figure 5.5. Transmission electron micrographs of precipitations of cal-
cium carbonate (a) in absence of ovo-proteins, (b) in pres-
ence of 7.5 g l-1 lysozyme, (c, d) in presence of 7.5 g l-1 ovalbu-
min. The sampling was done at different reaction times.
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Figure 5.6. Transmission electron micrographs of samples, which were
obtained after 300 s at a protein concentration of 0.5 g l-1.
Polyclonal immunogold labeling indicates that ovalbumin
is partially incorporated in the liquid amorphous calcium
carbonate precursor. Scale bars: 200 nm.

the later calcium carbonate minerals. According to the preceding chapter
(Chp. 3), the presence of the liquid ACC precursor is based on formation
of an extensive disordered network composed of hydrogen bridges of nu-
merous species (water, carbonate, bicarbonate, non-dissociated carbonic
acid and di�erent hydrated calcium complexes). �e occurrence of a liq-
uid amorphous state during calcium carbonate formation is thus rather
a specialty of calcium carbonate formation then induced by anionic poly-
mers. An electrostatical stabilization mechanism of the emulsi�ed precur-
sor in absence of polymers or proteins is reasonable, as no other colloidal
stabilization mechanisms can apply.
If di�erently charged biopolymers are present in such an emulsion at

7.5 g l-1, the basic and positively charged protein lysozyme (pI = 9.3) desta-
bilizes the emulsi�ed state whereas the negatively charged acidic protein
ovalbumin (pI = 4.7) extends its life-span. It is a well-known behavior of
colloidal systems that if the additive is of opposite charge in respect to
the emulsi�edmoiety phase, it will destabilize the emulsion either by com-
pensating the surface charges or interconnecting the emulsi�ed droplets. 37

Based on the presented �ndings, one can deduce that the emulsi�ed liquid
calcium carbonate precursor is actually negatively charged and the posi-
tively charged lysozyme induces �occulation via charge neutralisation or
interconnection. As a further consequence, electrostatical stabilization of
the pure, additive-free mineral emulsion is reasonable as well.
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�e in�uences which ovalbumin exerts on the liquid mineral phase are
multifold. Recent data from small-angle neutron-scattering showed oval-
bumin to act like a ‘cation sponge’; 35 it accumulates calcium ions from so-
lution which are complexated by the protein’s carboxylic groups. In other
words, it decreases dramatically the calcium activity of the bulk solution
to locally increase the calcium concentration next to the protein. �e de-
crease in calcium activity due to complexation relieves the solution’s su-
persaturation and thus decelerates formation of crystallinematerial whose
formation would require higher supersaturation based on their solubility
products, and thus extends the life-time of the liquid and amorphous pre-
cursors. From a colloidal chemical point of view, one may call this de-
pletion stabilization. �e process of depletion stabilization is invariably
preceded by depletion �occulation.�us, it is reasonable that the original
PILP coating e�ect, which was reported by Gower et al. at much lower
polymer concentrations,22–24 actually is a result of a demulsifying process
based on depletion destabilization.
Ovalbumin, found by SANS to be loaded with calcium, represents a

‘�uctuation in calcium concentration’. Such concentration �uctuations are
the crucial point during formation of a new phase (cf. Appendix Sec. A.1).
In pure solutions, these �uctuations are due to statistical processes (and
thus seldom occurring). In the present case they are provided due to the
presence of ovalbumin. �us, ovalbumin promotes nucleation by gather-
ing calcium ions and lowers the main activation barrier of phase separa-
tion; one may speculate whether this represents a switch from a spinodal
to a binodal liquid/liquid phase separation process. 36,38 �is behavior is
perfectly commensurable with Gower’s PILP concept extended by the fact
that the formation of the liquidmineral precursor is not induced but rather
facilitated and accelerated as it occurs as well in absence of polymers. In
the later state ofmineralization, the incorporated ovalbumin—or small an-
ionic polymers in general—in the amorphous mineral phase increases the
disorder of the ‘glassy’ state by providing an additional multitude of dif-
ferent binding and bridging possibilities and stabilizes thereby the amor-
phous state. �e transformation to a crystalline state remains hampered
andmay yield in patterned crystalline material, in which the incorporated
polymer is occluded in transition bars.22,39
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In summary, ovalbumin was shown to stabilize the liquid calcium car- Summary
bonate phase remarkably under neutral and di�usion-controlled condi-
tions and thus represents the �rst natural protein, which behaves commen-
surable to Gower’s PILP process. As lysozyme demulsi�es the transient
state, the assumption of negative surface charge and an electrostatic stabi-
lization of the pure emulsi�ed liquid calcium carbonate precursor is rea-
sonable. Concerning the PILP model, the liquid calcium carbonate phase
rather seems to be a�ected by polymers in terms of depletion stabilization
resp. destabilization than literally induced and thus triggered by acidic
proteins and polymers during a PILP process.�e liquid calcium carbon-
ate phase can be regarded a specialty of additive-free calcium carbonate
formation at neutral pH and forms in absence of polymers as well.
In the light of the presented data, ovalbumin seems to take a key role

during egg shell formation. Ovalbumin can be speculated to serve as (a)
e�ective stabilization agent for a transient mineral precursor, (b) a storage
protein (aggregate) of the inorganic egg shell components and as a (c) pre-
vention of undirected mineralization in favor of a directed mineralization
of the egg shell.

Experimental Part

A suspension of CaCO3 (p. a., Sigma Aldrich) in ultrapure water (Milli-
pore Synergy 185 with UV photo oxidation, 18.2MΩ cm−1) was treated
with carbon dioxide (Westfalen AG).�e obtained saturated solution of
calcium bicarbonate was �ltered with a cascade of syringe �lters, which
consists of a 0.1 µm Millipore Millex VV followed by 20 nm Milipore An-
otop in series. A�erwards, the �ltered solution was treated again exten-
sively with carbon dioxide to dissolve nuclei with diameters < 20 nm. Im-
mediately a�er dissolving the desired protein (ovalbumin GradeV and
lysozyme from chicken eggwhite; SigmaAldrich) in the saturated solution
of calcium bicarbonate at the requested concentration, one droplet of the
solution with a volume of approximately 4 µL wasmanually injected in the
ultrasonic levitator (Tec 5, Oberursel, Germany). �e reaction was moni-
tored by wide-angle X-ray scattering measurements (WAXS) performed
at the µSpot beamline at BESSY, which is equipped with a double crystal
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monochromator, yielding a monochromatic (λ = 1.00257Å) beam. A pin-
hole system provides a beam of 20 µm cross section with a photon �ux
of about 109 per second and a ring current of 100 mA. Further informa-
tion concerning the general setup are given by Paris et al.40 Scattering pat-
terns from corundum served as external calibration standard. No mathe-
matical ’desmearing’ of the experimental scattering intensity function was
needed due to the small beam diameter of the incident beam. �e lev-
itated sample was monitored and remotely controlled during the whole
experiment. �e data was processed and converted to diagrams of scat-
tering intensities I versus q by employing algorithms of the computer pro-
gram Fit2d.41 Avrami analysis was conducted with OriginPro 8, �tting
the background-corrected and normalized integral intensity of the (104)
re�ex to the Weibull function I = a − (a − b) e−(kt)d , where t is the lev-
itation time, and a, b, k and d are free parameters. TEM investigations
were carried with a Phillips EM 420 running at 120 kV, equipped with an
ORCA-ER Camera (1024× 1024 pixel) and run with AMT Image Capture
Engine v5.42.540a.�e samples were prepared by transferring the respec-
tive droplet on a lacey-coated TEM grid (Plano, Germany), followed by
washing with water and air-drying. SEM investigations were performed
with a Zeiss DSM 940 running at 10 kV. For immunogold labeling, a clas-
sical labeling protocol was followed as described by Harris.42 �e sam-
ples were prepared by transferring the respective droplet on a lacey-coated
TEM grid (Plano, Germany), followed by washing with water and �xat-
ing at 48° C for 48 h. �e sample was blocked with 10% puri�ed casein
protein (Roche, Germany) and then incubated with a 1:1000 dilution of
the primary antibody (IgG fraction of anti-ovalbumin, antibodies-online
GmbH) for 5min. Calcium bicarbonate solution, freshly prepared as de-
scribed above, was used as a washing bu�er. A�er three washes the sam-
ples were incubated with an 1:50 dilution of the secondary Anti-Rabbit
IgG gold-labeled antibody (Sigma, Germany) for 5min. In the last wash-
ing step, thewashing bu�erwas gradually dilutedwith ultrapurewater (1:0,
1:1, 0:1).

58



References

References

[1] E. Bäuerlein, Biomineralization, Wiley–VCH, Weinheim 2007, ISBN 978-3-
527-31641-0.

[2] S. Mann, Biomineralization, Oxford University Press, Oxford 2001, ISBN
0-19-850882-4.

[3] H. A. Löwenstam and S. Weiner, On Biomineralization, Oxford University
Press, New York 1989.

[4] B. S. C. Leadbeater andR. Riding (eds.),Calci�cation in the coccolithophorids
Emiliana huxleyi and Pleurochrysis carterae, Biomineralization in lower
plants and animals, vol. 30, Systematics Association, Oxford University
Press, Oxford 1986.

[5] Y. Oaki and H. Imai, Small 2005, 2 (1), 66.

[6] J. B. �ompson, G. T. Paloczi, J. H. Kindt, M. Michenfelder, B. L. Smith,
G. Stucky, D. E. Morse and P. K. Hansma, Biophys J 2000, 79, 3307.

[7] J. L. Arias, D. J. Fink, S. Q. Xiao, A. H. Heuer and A. I. Caplan, Int Rev Cytol
1993, 145, 217.

[8] R. M. Sharp and H. Silyn-Roberts, Biophys J 1984, 46, 175.

[9] A. N. J. Heyn, J Apl Phys 1962, 33 (8), 2658 .

[10] Y. Nys and J. Dominguez-Vera, Poultry Science 2000, 79 (1-2), 901 .

[11] J. Gautron, M. T. Hincke and Y. Nys, Connect Tissue Res 1997, 36, 195.

[12] A. Awade, Z Lebensm Unters Forsch 1996, 202, 1.

[13] E. Holen and S. Elsayed, Int Arch Allergy Immunol 1990, 91, 136.

[14] J. Kelly, S. Locke, L. Ramaley and P.�ibault, J Chromatogr A 1996, 720, 409.

[15] A. Awade, S. Moreau, D. Molle, G. Brule and J. Maubois, J Chromatogr A
1994, 677, 279.

[16] J. Gautron, M. Hincke and Y. Nys, Connect Tissue Res 1997, 36, 195.

[17] S. Raz, P. C. Hamilton, F. H.Wilt, S.Weiner and L. Addadi,Adv Funct Mater
2003, 13, 480.

[18] S. Raz, S. Weiner and L. Addadi, Connect Tissue Res 2000, 12, 38.

[19] T. Y. J. Han and J. Aizenberg, Chem Mater 2008, 20 (3), 1064.

[20] I. M. Weiss, N. Tuross, L. Addadi and S. Weiner, J Exp Zool 2002, 293, 478.

[21] E. Beniash, L. Addadi and S. Weiner, J Struct Biol 1999, 125 (1), 50.

[22] L. B. Gower and D. J. Odom, J Cryst Growth 2000, 210 (4), 719.

[23] M. J. Olszta, S. Gajjeraman,M.Kaufman and L. B. Gower,ChemMater 2004,
16, 2355.

[24] Y.-Y. Kim, E. P. Douglas and L. B. Gower, Langmuir 2007, 23, 4862.

59



References

[25] S. J. Homeijer, M. J. Olszta, R. A. Barrett and L. B. Gower, J Cryst Growth
2008, 310 (11), 2938.

[26] N. Loges, K. Graf, L. Nasdala and W. Tremel, Langmuir 2006, 22, 3073.

[27] Y. Kitano, Bull Chem Soc Japan 1962, 35 (12), 1973.

[28] S. E. Wolf, J. Leiterer, F. Emmerling and W. Tremel, J Amer Chem Soc 2008,
130, 12342.

[29] M. Avrami, J Chem Phys 1941, 9 (2), 177.

[30] M. Avrami, J Chem Phys 1940, 8 (2), 212.

[31] M. Avrami, J Chem Phys 1939, 7 (12), 1103.

[32] S. Chodankar and V. K. Aswal, Phys Rev E 2005, 72 (4, 041931).

[33] S. Chodankar, V. K. Aswal, J. Kohlbrecher, P. A. Hassan and A. G. Wagh,
Physica B Cond Matter 2007, 298 (1), 164.

[34] H. M. Rietveld, J Appl Cryst 1969, 2, 65.

[35] V. Pipich, M. Balz, S. E. Wolf, W. Tremel and D. Schwahn, J Am Chem Soc
2008, 130, 6879.

[36] J. Rieger, T. Frechen, G.C.W.Heckmann, C. Schmidt and J.�ieme, Faraday
Discussions 136 onNucleation and Crystal Growth, Roy. Soc. Chem., London,
265–278.

[37] P. Somasundaran (ed.), Encyclopedia of Surface and Colloid Science, CRC
Press, 2nd ed. 2006, ISBN 978-0-8493-9615-1.

[38] M. Faatz, F. Gröhn and G. Wegner, Adv Mater 2004, 16 (12), 996.

[39] L. Dai, X. Cheng and L. B. Gower, Chem Mater 2008, 20 (22), 6917.

[40] O. Paris, C. H. Li, S. Siegel, G. Weseloh, F. Emmerling, H. Riesemeier,
A. Erko and P. Fratzl, J Appl Cryst 2007, 40, 466.

[41] A. P. Hammersley, S. O. Svensson, M. Han�and, A. N. Fitch and D. Hauser-
mann, High Press Res 1996, 14 (4-6), 235.

[42] R. Harris (ed.), Electron microscopy in biology : a practical approach, �e
practical approach series, IRL Press, Oxford Univ. Press, Oxford 1991.

60



6. Cryogenic Molding of
Nanotubes in Mesocrystalline
Ice

Abstract Molding of nanotubes was accomplished by a bio-inspired
cryo-molding approach, which avails the self-similar growth of hexag-
onal ice crystals.�e branching during growth of hexagonal ice super-
imposed with the radial alignment of the ice crystals yields in a new
variant of non-euclidian mesocrystals.
Reducing the mineral to a minority component, it is molden by
the shock-freezing solvent. In this shock-frosting step, the solute is
precipitated and occluded in the solvent’s grain boundaries and is
constrained to adopt a sheet-like shape.�e subsequent freeze-drying
removes the solvent and excavates the freshly formed sheets, which
immediately roll up and form nanotubes featuring a remarkable
aspect-ratio. �e presented approach is not restricted to a speci�ed
chemical reactivity of the desired material, and is capable to mold
inorganic aqueous solutions and suspensions. �is morphogenesis
does not involve chemical reaction and avoids complications and
drawbacks like hazardous by-products or contamination.

Associated publications In preparation.

Molding on the nano- and micrometer scale can be regarded as one of Introduction
the supreme disciplines of material science, as nano- andmicrostructured
materials bear awide range of application andmay exhibit superior proper-
ties. Nature teaches lessons on this topic by showing an ultimate degree of
sophistication and miniaturization in its biogenic materials. A prominent
example is the nacreous layer of the gastropoda Haliotis laevigata, which
consists of tectonic aragonite crystals embedded in an organic sheet-like
matrix.�e layer-directed growth of the aragonite tablets is only restricted
by neighboring tablets, which are separated by occluded organic matrix
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at the end of mineralization. �e timing during this process leads to a
so-called “stack-of-coins”; in the case of bivalve shells, it yields in a “brick
wall”-like structure. 1�is mesoscaled and layered structure with crystallo-
graphic oriented crystals features a toughness which is hundreds of times
higher than pure aragonite. Its fracture behavior is dominated by the in-
corporated biopolymers like in the sea urchin spine (already discussed,
cf. p. 3). An analogous structure, but on a much lower length scale, can
be found in the case of the so-called ‘transition bars’, which form during
the transformation of the amorphous PILP phase to the crystalline state.
Likewise, the employed polymer is occluded in this intersticial transition
bars.2,3 All-day examples of tracery on a frosted window or snow-�akes
are more familiar representatives of mesostructure and mesocrystallinity.
�e structure is dendritic, self-similar and is dominated by the growth
and side-branching along the ai-axes.�ese structures can be regarded as
mesocrystals as they ful�ll the de�nition: they represent mesoscopically
structured crystals, whose subcrystals are aligned “in a common crystal-
lographic register”.4 In short, ice crystal are employed in this chapter as a
model system in order to explore the principle above of occlusion and the
potential of the concomitant molding of impurities in mesocrystals.
A droplet of 4 µL water containing ‘impurities’ like salts or particles was

shock-frozen in liquid propane, cryo-fractured and freeze-dried. �e lat-
ter step of this morphogenetic process was followed by in situ cryo-
scanning electron microscopy (cryo-SEM) where the obtained structures
were characterized by transmission electron microscopy (TEM).�ree ex-
emplary representatives of ‘impurities’ were choosen: calcium carbonate
as a classical mineral, cadmium sul�de as a classical II/IV-semiconductor,
and a suspension of the simple insoluble ferrocyanideK2Zn3[Fe(CN)6]2 as
a simplistic model of metal-organic frameworks (MOF, the ferrocyanide
is referred to as sMOF hereina�er).
Shock-freezing of a droplet in liquid propane generates a high, radiallyResults

orientated temperature gradient.�is induces the nucleation of hexagonal
ice on the droplet surface, and the further growth along the ai direction
is orientated radially along the highest temperature gradient. One frozen
droplet of a saturated calcium bicarbonate solution is shown in Fig. 6.1a;
it already shows a radial orientation of the ice subcrystals which emerges
more clearly a�er freeze-drying removed the subcrystals (Fig. 6.1b). �e
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Figure 6.1. A droplet of saturated Ca(HCO3)2 solution (a) short after
frosting, breaking, and (b) after accomplished freeze drying
(20min). Scale bars: 500 µm.

highly porous and rami�ed residue is composed of calcium carbonate.
Some of the branches appear thicker; they form by a partial collapse of
the rami�ed structure.
A�er a short phase of freeze-drying, a freshly cleaved ice surface shows

already the intersticial occluded impurities which emerge initially as small
parallel �ashes (cf. Fig. 6.2 in case of cadmium sulphide). Further freeze-
drying results in the exposing of sheets (Fig. 6.2b, here sMOF), which start
to coil up immediately (Fig. 6.2c, here sMOF). Two examples of an inter-
mediate state of this reeling process, which later yields in the formation
of nanotubes, could be imaged by TEM (Fig. 6.3a and b, here sMOF).�e
reeling is induced by a di�erent drying speed of the sheet’s sides. If one
side dries a bit faster, the whole sheet will bend as the faster drying side
contracts with respect to the �ip side.
�e �nal state of this reeling process is the formation of nanotubes,

which is shown in Fig. 6.4 in the case of calcium carbonate and sMOF.�e
sharp scattering contrast of the tubes’ wall evidences their tubular charac-
ter.�ese nanotubes can feature an exceptional aspect-ratio.�ey show a
typical diameter of 75 – 100 nm but with an axial length of up to approxi-
mately 6 µm at the the same time (e. g. Fig. 6.4c, sMOF). Electron di�rac-
tion shows only weak Debye-Scherrer-rings (see insets in Fig. 6.4), which
may imply that the tubes are amorphous but start to crystallize under ra-
diative strain. �ose �ndings could be ascertained by wide-angle X-ray
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6. Cryogenic Molding of Nanotubes in Mesocrystalline Ice

(a) CdS, scale bar: 40 µm. (b) sMOF, scale bar: 10 µm.

(c) sMOF, scale bar: 10 µm.

Figure 6.2. Scanning electron micrographs of intersticial deposited so-
lute and suspensate showing grain boundaries of a frozen
droplet.

(a) Scale bar: 10 nm. (b) Scale bar: 10 nm.

Figure 6.3. Transmission electron micrographs showing the incipient
reeling of a sMOF sheet, which later yields in the formation
of a nanotube.
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Summary and Conclusions

(a) CaCO3; scale bar: 100 nm. (b) sMOF, scale bar: 200 nm.

(c) sMOF, scale bar: 500 nm, inset:
250 nm.

Figure 6.4. Transmission electron micrographs of finally formed nan-
otubes.

scattering performed at a microfocus beamline equipped with an ultra-
sonic levitator. �e levitation technique allowed a measurement of the
X-ray di�raction pattern of a rotating but frozen droplet. In case of frozen
calcium bicarbonate solution, no di�raction peaks were detected except
the di�raction of hexagonal ice which vanish completely if the droplet is
molten.�e di�raction pattern of the frozen calcium bicarbonate solution
corresponds with that of pure and shock-frozen water. (cf. Fig. 6.5)
To sum it up, a facile cryo-molding approach employing the mesocrys- Summary and Conclusions

tallinity of ice led to the formation of hollow nanotubes.�is method is ca-
pable to mold inorganic aqueous solutions and suspensions. In the shock-
frosting step (Fig. 6.6a – 6.6e), the solute is precipitated and occluded in
the solvent’s grain boundaries and is forced to adopt a sheet-like shape.
Many hexagonal ice crystals nucleate on the droplet surface (Fig. 6.6b)
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6. Cryogenic Molding of Nanotubes in Mesocrystalline Ice

Figure 6.5. Wide-angle X-ray scattering of frozen and molten droplets
containing saturated calcium bicarbonate solution or pure
water.

and start to grow rapidly orientating their ai-axes radially (Fig. 6.6c).�e
solute concentration in the yet non-solidi�ed solution increases concomi-
tantly. Side-branching occurs, in analogy to the growth behavior of snow-
�akes (Fig. 6.6d). At a critical solute concentration, the solute precipitates
and is occluded in grain boundaries and adopts by this a sheet-like shape
(Fig. 6.6e).�e subsequent freeze-drying removes the frozen solvent and
excavates the freshly formed sheets, which immediately roll up and form
nanotubes featuring a remarkable aspect-ratio.
Strictly spoken, the symmetry of the microcrystalline ice is non-eucli-

dian as it does not show a translational invariant, periodic three-dimen-
sional order in the euclidian sense. �e gradient of joint primary �elds,
which induced the crystallization of the hexagonal ice, is radially orien-
tated towards the center of the droplet. �e evolving structures are radi-
ally orientated as well. Furthermore, this radial alignment of crystal is su-
perimposed by the dendritic and self-similar growth of the ice crystals by
branching.�e shock-frozen droplets represent a special case ofmesocrys-
tals, which were proposed to be named as ‘bent or splayed mesocrystals’
as they do not follow Euclidian geometry.4

Cryo-molding evolved recently as a promising technique providing ac-
cess to a diverse array of complex structures; this morphogenesis does
not require chemical reaction thus avoiding complications and drawbacks
like hazardous by-products or contamination. Deville et al. exemplarily
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Experimental Part

(a) (b) (c) (d) (e)

Figure 6.6. Scheme of the presented cryo-molding approach.
A droplet containing solute (a) is shock-frozen in liquid
propane, which (b) induces the nucleation of hexagonal ice
on the droplet’s surface. (c) Due to the radial alignment of
the temperature gradient, pure hexagonal ice crystals grow
towards the center of the droplet. (d) Similar to snow-flakes,
branching occurs along the ai axes. Ice crystallizes as a pure
phase and the solute concentration in the yet non-solidified
solution increases concomitantly. (e) In a late state, a critical
solute concentration is reached and the solute precipitates.
It is occluded in grain boundaries and therefore adopts
a sheet-like shape which later show reeling if the ice is
removed by freeze-drying.

mimicked the structure of the nacrous layer employing a simple water-
freezing method. 5 One-dimensional nanostructures have attracted con-
siderable attention as they may serve as nanowires, nanosca�olds in nano-
scale electronics, optoelectronics or even tissue engineering.6–9 Beside the
well known synthetical approaches such as electrodeposition, laser abla-
tion, templating or metal-organic chemical vapor deposition, 10–13 cryo-
molding was shown to be applicable for molding of silica, organic poly-
mers or nanoparticle suspensions to yield nanowires and porous �bers re-
cently. 14–16 All the �ndings presented above clearly show that cryo-molding
in frozen droplets is a exceptional facile way of nanotube formation. In
addition, it is not restricted to special chemical reactivities of the desired
material.

Experimental Part

Cadmium bisul�de and calcium bicarbonate solutions were prepared anal-
ogously as described in Chapter 3 on p. 27. �e ferrocyanide suspension
was prepared by mixing equimolar amounts of K4[Fe(CN)6] and ZnCl2
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(0.05mol l-1) shortly before shock-frosting.�e educt solution was shock-
frosted by plunging the respective droplet in liquid propane, and trans-
ferring it immediately into a cryo-preparation chamber (FEI Quorum Po-
larPrep 2000). A�er propane was removed (−60° C, 10−6mbar), it was
cryo-fractured. A�erwards the samples were transferred to the cryo-SEM
(FEI xT Nova 600 Nanolab). Water was slowly removed by sublimation
(−5° C, 10−6mbar) by means of a temperature-controlling cryo-stage.�e
ice sublimation and the concomitant exposure of cryogenic structures was
monitored in situ (2 – 10 kV).
Transmission electron microscopy investigations were carried with a

Phillips EM420 running at 120 kV, equipped with an ORCA-ER camera
(1024× 1024 pixel) and run with AMT Image Capture Engine v5.42.540a.
�e sampleswere transferred on lacey-coatedTEMgrids (Plano, Germany)
as obtained by freeze-drying followed by cryo-SEM. Wide-angle X-ray
scattering experimentswere performedusing the µSpot beamline at BESSY,
which is equipped with a double crystal monochromator, yielding amono-
chromatic beam (λ = 1.00257Å, as calibrated with an external corundum
standard). 17 Apinhole systemprovides a beamof 20 µm cross sectionwith
a photon �ux of ∼ 109 s−1 at a ring current of 100mA.�e scattering vector
q = 4π/λ sin(θ) is de�ned in terms of the angle 2θ between incident and
scattered radiation of the wavelength λ.�e obtained scattering data were
processed by employing algorithms of the computer program Fit2d. 18
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7. Nonclassical and
Symmetry-Breaking Phase
Selection of Calcium Carbonate
Triggered by Amino Acids

Abstract A nonclassical phase selection of calcium carbonate poly-
morphs is triggered by the handedness of amino acids if they are used
as additives during calcium carbonate crystallization. In case of the nat-
ural levorotatory enantiomer, the less stable polymorphs aragonite and
vaterite were formed. In presence of the dextrorotatory enantiomer,
the stable polymorph calcite is formed and an Ostwald ripening was
identi�ed.�e arrangement of amino acids absorbed at (104) × (104)
growth steps were modeled molecularly. Growth steps from the {104}
set of crystal planes show stereoselectivity which is maybe caused by
the exposure of chiral crystal (214) crystal planes at {104} growth steps.
Cryptochiral contaminants, which were suspected to be responsible for
the seemingly symmetry breaking, are shown to suppress the e�ect of
phase selection rather than promoting it. �e situation prior to nucle-
ation is populated by large numbers of coexisting enantiomeric and di-
astereomeric amino acid complexes. It is discussed whether the weak
parity violation energy di�erence (PVED) may cause the symmetry
breaking. However, no experimentally evidence could be achieved be-
cause of insu�cient signi�cance of the available and applied methods.
Neither by means of circular dichroitic deviations nor the disappear-
ance of phase selection in deuterated media was observed in statistical
signi�cance.
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7. Nonclassical and Symmetry-Breaking Phase Selection of Calcium Carbonate Triggered by Amino Acids

�is phase selection represents the �rst example of symmetry breaking
phase selections and can be queued up with other examples of symme-
try breaking and thus illustrates a totally di�erent kind of nonclassical
calcium carbonate crystallizations.

Associated
publications

Angew Chemie Int Ed 2007, 46 (29), pp. 5618 – 5623,
resp. Angew Chemie 2007, 119 (29), pp. 5716 – 5721.

Angew Chemie Int Ed 2008, 47, (20), pp.3683 – 3686,∗

resp. Angew Chemie 2008, 120, (20), pp. 3741 – 3744.∗

Chirality and the emergence of homochirality are among themost intrigu-Introduction
ing and inspiring phenomena in nature. 1 �ere are many attempted expla-
nations,2,3 where one of them focuses on the chiroselective adsorption of
amino acids onto chiral mineral surfaces, in particular on the common
rock-forming mineral calcite.4 Since the crystal surface lacks the symme-
try features of the bulk crystal, the adsorption of an achiral molecule onto
a crystal surface may produce chiral arrangements in two dimensions. 5–13

Vice versa, a chiral molecule on a crystal surface may lead to a chiral entity
when ordered two-dimensional adlayers are formed. 14–19

Calcite, which is the thermodynamically stable of the six known calcium
carbonate polymorphs, was presumably the most abundant marine min-
eral in the Archaean era, about 3.8 to 25 billion years ago. Sumner stated
that calcite “precipitated as crystals directly on the sea �oor”.4�e selective
binding of di�erent amino acids onto crystal surfaces has been reported
for calcium carbonate,20 but also for copper 14–17 or other examples. 18,19

�e chiroselective absorption of amino acids onto calcitewas demonstrated
by Hazen and coworkers, 13 and the formation of chiral morphologies
through the selective binding of d- and l-aspartate on growth steps of
calcite was studied by Orme et al.20 �ese studies provided convincing ev-
idence that the shape of calcite crystals can be modi�ed by the binding of
chiral molecules through stereochemical recognition.
�e shape of centrosymmetric crystals, like the trigonal calcite (space

group R3c) as well as the orthogonal aragonite (Pmcn) and vaterite§ are
delimited by pairs of faces {hkl} and {hkl}, which are linked in case of

∗ co-authorship
§ �e exact structure of vaterite is still
hardly debated; the space groups Pnma,

P63/mmc and 6322 are proposed to
date. 21–24
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chiral {hkl} faces by inverted chirality of the {hkl} face. �e rhombo-
hedral morphology of calcite is delimited by a {104} set of crystal planes,
which possess under ideal conditionsmirror symmetry, like all {h0l} face
must hold in the R3c space group. �e (104) planes themselves show pg
symmetry.25 Any rhombohedral crystal shape possesses mirror symmetry
along the rhombus diagonal, parallel to the c-axis, if it belongs to a a trig-
onal space group.26 Although, the likewise common scalenohedral calcite
shape which are delimited by {214} faces are in fact chiral. In reality, a non-
ideal (104) face, will show in local detail chirality due to the presence of
steps and kink sites.∗ , 26 Taking a closer look on the growth steps, the local
symmetry characteristics of a single step evolve from the combination of
surfaces and can partially expose other chiral crystal planes like the ones
of the {214} set.
�e paradigmof stereochemical recognition, whichwas introduced and

developed two decades ago,27,28 is a central tenet in the �eld of biomin-
eralization.29 It states that speci�c crystal surfaces are stabilized through
the binding of molecules such as peptides and proteins due to the stere-
ochemical match of the adlayer and the crystal lattice lowers their sur-
face energies. 30–36 �is template model found ample support in a series
of investigations of the macroscopic shapes of organic or calcium carbon-
ate crystals. 37–44 Still, crystal shape is not only depending on surface en-
ergy but also on growth kinetics. During the past decade a number of
elegant studies have related crystal shape to the growth kinetics which is
governed by coordination at kinks and on atomic ledges rather than on
the �at faces.20,45–47 In this chapter, the speci�c chiral interactions in the
course of mineralization evolve to be a dominant factor and can exert an
important in�uence on the phase selection of calcium carbonate.
Crystallizations of calciumcarbonatewere performedwith enantiopure Results

amino acid as additives applying the slow di�usion technique. In a repre-
sentative experiment, either enantiomorph of the corresponding amino
acids was dissolved in aqueous solutions of 10mmol l-1 of calcium chlo-
ride. An adjustment of the pHwas abstained in order to eliminate possible

∗ Everything is triclinic if you look at it
hard enough. (Charlie Burnham)
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e�ect of foreign ions on the precipitation of calcium carbonate. �e solu-
tion were incubated simultaneously together with 14 g of freshly ground
ammonium carbonate in a desiccator.�e crystallization was carried out
at room temperature and was stopped a�er 48 h.�e homogenous precip-
itates were collected, carefully washed, dried and further investigated.
�e crystallization experiments were performed with all natural amino

acids along with several synthetic ones. �e achiral amino acid glycine
served as a reference. Scanning electron microscopy (SEM) images of
samples precipitated with the d- and l-enantiomers of alanine, proline,
α-amino butyric acid, and aspartic acid as representatives of simple chiral
amino acids are displayed in Fig. 7.1. Already alanine, the most simple
chiral amino acid, shows a pronounced e�ect. In presence of the natu-
ral levorotatory form, the dominating phases are aragonite and vaterite.
In the case of the dextrorotatory form, only calcite was obtained (Fig. 7.1a
and b). Addition of d- or l-aspartic acid yielded identical results. Higher
nonfunctional amino acids lead to the formation of aragonite resp. calcite:
l- and d-proline lead to the crystallization of aragonite (Fig. 7.1c and d).
Likewise, l- andd-α-amino butyric acid (Fig. 7.1e and f) select calcium car-
bonate phases in the samemanner. Amino acid bearing higher functional-
ity like lysine or glutamic acid deviate from this phase selection behavior
and amino acids with higher steric demands like tryptophan, tyrosine or
tert-leucine do not exhibit phase selectivity at all, which may be attributed
to a steric hinderance during the phase selection process. In comparison,
crystallizations in presence of glycine or racemic alanine under otherwise
identical experimental conditions yielded mixtures of calcite and arago-
nite (Fig. 7.2). Both are known to stabilize vaterite,48,49 however the con-
ditions chosen in the present case led to the formation of polymorph mix-
tures.
�e phase selection was monitored at a quantitative scale by time-

resolved measurement of pH and calcium concentration ([Ca 2+]) in the
supernatant and byX-ray di�raction (XRD).�e pHpro�le of the solution
during the crystallization in the presence of d- or l-alanine is depicted in
Fig. 7.3. A�er starting of the reaction, the pH of the solution rises within
an induction period of about 4 h from slightly below 7 to 8.9 due to the
dissolution of ammonia, which is formed during the decomposition of
(NH4)2CO3. �e better solubility of ammonia compared to that of CO2
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(a) L-alanine, scale bar: 50 µm. (b) D-alanine, scale bar: 200 µm.

(c) L-proline, scale bar: 50 µm. (d) D-proline, scale bar: 200 µm.

(e) L-α-amino butyric acid, scale
bar: 200 µm

(f) D-α-amino butyric acid, scale
bar: 200 µm

Figure 7.1. Scanning electron micrographs demonstrating the phase
selection in presence of different amino acids.
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(a) racemic alanine, scale bar: 50 µm. (b) β-alanine, scale bar: 200 µm.

(c) Glycine, scale bar: 50 µm. (d) L-tert-leucine, scale bar: 1mm.

(e) L-phenylglycine, scale bar: 200 µm. (f) L-tyrosine, scale bar: 500 µm.

Figure 7.2. Scanningelectronmicrographsof crystallizationsbyaddition
of (a – c) achiral amino acids and (d – f) sterically hindered
amino acids.
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leads to the observed change in pH.�is equilibrium adjusts within the
remaining duration of the experiment until the NH3 vapor pressure in the
gas phase matches the ammonia partial pressure of the solution.�e con-
tinuous formation of CaCO3 is indicated by the plateau of the pH value
between 1.5 h and 3 h, which is caused by the equilibrium of CO2 uptake
and HCO –3 depletion of the solution due to the incipient precipitation of
calcium carbonate. �is depletion gives rise to a release of protons and
balances the pH rise from the uptake of ammonia. For d-alanine the pre-
cipitation occurs earlier. �e plateau is reached a�er a shorter period of
time and at a lower pH level. For l-alanine, calcium carbonate precipi-
tates later, i. e. a higher degree of supersaturation is needed to induce nu-
cleation. A�er the completion of the experiment, the calcium concentra-
tion [Ca 2+] of the supernatant was determined by atomic absorption spec-
troscopy (AAS) and yielded 0.8mg l-1 in case of d-alanine resp. 1.3mg l-1

in case of l-alanine. �e time-dependent changes of [Ca 2+] were moni-
tored bymeans of a [Ca 2+]-sensitive electrode and revealed a considerable
distinction between both crystallizations: l-alanine shows a uniform crys-
tallization pro�le of an one-step steady-going precipitation, which leads
to the metastable vaterite polymorph. In case of presence of d-alanine,
the precipitation is a two-step process; here a redissolution of already pre-
cipitated calcium carbonate and a subsequent anew precipitation is traced.
�is represents a perfect example of the Ostwald law of stages. 50

Fig. 7.4 depicts the experimental and �tted powder XRD patterns corre-
sponding to the material collected from the mineralization experiments
using valine as an additive. From the Rietveld scale factors, 51 it is possi-
ble to obtain the relative amounts of the di�erent phases. In case of the
d-enantiomer, only calcite was observed, whereas aragonite was found for
the l-enantiomer. From such a Rietveld analysis, it is found that theweight
fractions of the CaCO3 polymorphs vaterite and aragonite in the presence
of l-alanine are ≈ 3 ∶ 1.�e results for d- and l-proline, α-amino butyric
acid, aspartic acid and glycine are compiled together with those for d- and
l-alanine in Table 7.1.
�e growth of the calcite polymorph is known to be prevented by the

strong surface binding of additives, which block the further transport of
bulk material. 31 Bidentate acidic additives like amino acids attach more
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Figure 7.3. Progression of pH and [Ca 2+] during a crystallization with L-
and D-alanine as additives.
The calcium concentration excesses the nominal calcium
content (10mmol l-1) in the time-frame from 2 h to 3 h. This
is due to the fact that the calcium-sensitive electrode is
sensitive to H+ and NH+

4 as well, which are released resp.
formed massively during the incipient redissolution (vide
infra).

enantiomer glycine∗ racemic alanine
achiral / racemic 100/0/0 84/0/16

alanine α-amino butyric acid proline valine
L 27/0/73 0/100/0 19/81/0 0/100/0
D 100/0/0 100/0/0 100/0/0 100/0/0

∗ achiral amino acid

Table 7.1. Phase distribution (calcite/aragonite/vaterite) in weight per-
cent induced by the presence of 1mgml-1 of the respective
amino acids as determined by Rietveld refinement.
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Molecular Modeling

�rmly to the growth steps than monofunctional additives like monofunc-
tional carboxylic acids or amines do. Calcite crystals, whichwere grown in
the presence of these ampholytes, develop characteristic edge defects and
thus show the same behavior like simple monofunctional carboxylic acids
or amines. 52 If the carboxylated �uorescent dye �uoresceine is used as an
additive, an analysis of the obtained CaCO3 crystals by means of confo-
cal laser scanning microscopy (CFLSM) gives clear evidence for a surface
functionalization of rhombohedral-shaped calcite crystals (Fig. 7.6). Red
�uorescent crystals demonstrate the coverage of the crystal surface by the
�uorophor and show as well characteristic edge defects. Still, unequivocal
experimental proof for the formation of amino acid adlayers on the crys-
tal surfaces is di�cult provide as d-/l-amino acids carrying �uorescent
groups do not induce a switch in phase because of the sterical hinderance
which is associatedwith such functional groups (vide supra).�ermogravi-
metric analysis and surface-sensitive X-ray photoelectron spectroscopy
could not trace any organic material. However, 13C-CP/MAS-NMR spec-
tra of carefully washed bulk CaCO3 crystals obtained in the presence of d-
and l-alanine revealed weak signals of the amino acid. Elemental analysis
of CaCO3 precipitates obtained in the presence of alanine showed congru-
ently a slight increase in nitrogen content (l: 0,05%, d: 0,08%). One may
deduce from these �ndings that amino acids are bound to surface step
edges and kinks but do not form a complete adlayer, which could be sec-
onded by molecular modeling simulations (Fig. 7.7).
In order to probe the hypothesis that calcium cations on the crystal

surface coordinated by bidentate amino acid ligands play a pivotal role
in the observed phase selection, experiments were performed in which
α-alanine was replaced by achiral β-alanine. In contrast to experiments
using the achiral glycine (in which mainly calcite was formed), the addi-
tion of achiral β-alanine resulted in the preferential formation of aragonite
needles with minor calcite contaminations (see Fig. 7.2).�e switch from
an α- to a β-amino acid changes the opening angle of the bidentate ligand
and may improves the complex stability and thus the growth inhibition
and thereby leads to a preferential formation of aragonite.
Ab initio force�eld calculations based on the Compass force�eld (Ma- Molecular Modeling

terials Studio) 53 approved this in the present case and, moreover, the in-
crease of binding energy in case of amino acids and analogue ampholytes
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Figure 7.4. Diffraction patterns of calcium carbonate obtained under
addition of 1mgml-1 L-, D- or racemic alanine.

Figure 7.5. Comparison of binding energies of the monofunctional
additives (methylamine and acetate) and the bidentate am-
pholytes glycine (GLY), β-alanine (BALA), γ-amino butyric
acid (GABA) and anthranilic acid (ANS).
∗ Values for methylamine and acetate kindly provided by N. Loges.
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Figure 7.6. Confocal laser scanning microscopy images of calcium car-
bonate which were grown in the presence of 1mgml-1
fluoresceine.

Figure 7.7. Binding motif of a racemic mixture of alanine, computed
with the Compass force field. The L-enantiomer is colored in
green and prefers coordination at the left step.
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(a) L-alanine. (b) D-alanine.

Figure 7.8. Detailed viewof the calculated bindingmotif of (a) L-alanine
and (b) D-alanine attached to (104) growth steps.

glycine (GLY), β-alanine (BALA), γ-amino butyric acid (GABA) and an-
thranilic acid (ANS) exceeds the sum of the binding energy of the mon-
odentate carboxylic and amino additives (see Fig. 7.5).
Growth steps from the {104} set of crystal planes may uncover partially

chiral crystal planes of the {214} set which would allow a stereoselective
binding motif which could be shown by further ab initio force�eld cal-
culations based on the Compass force�eld (Materials Studio). 53 Amino
acids and their analogs were found to prefer a bidentate interaction by
their amino and carboxylate groups and, as expected, the binding of the
d- and l-enantiomers di�ers in the orientation of the residue at the asym-
metric carbonwith respect to the surface. In order to compare the binding
strength for both enantiomers, the chemisorption of a racemic mixture of
d- and l-alanine to a (104)×(014̄) surface step was simulated and showed
l-alanine to adsorb preferentially to the z-shaped growth step (Fig. 7.7).
Furthermore, the l-enantiomer adopts much better the symmetry of this
z-shaped surface step than its counterpart d-alanine (Fig. 7.8). �us, the
binding energy of one amino acid enantiomer is slightly higher, depending
on the particular step.
�e result of chiroselective accumulation at stepped growth features

touches a possible mechanism for the prebiotic synthesis of homochiral
amino acids and polypeptides and has implications for chiral catalysis as
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well. 10–13�e highly selective concentration of enantiomers along step-like
features may favor an alignment of homochiral amino acids which is cru-
cial to promote a homochiral polymerization which is considered to be
a key step in the synthesis of self-replicating peptides. 54–56 Mineral-me-
diated chiral selectivity, in conjunction with homochiral polymerization,
may thus provide a link between prebiotic synthesis and the RNA-protein
world.
However, the biggest question mark remaining is that of the chiro-de- �e Issue of

Symmetry-Breakingpendent phase selection. Only if an unequal distribution of enantiomeric
bindings sites are uncovered by growth steps or screwdislocations through-
out the growing calcite phase, a chiro-dependent blockade of the growth
would be possible. �en, one enantiomer would block the calcite growth
more e�ciently than the other and would thus lead the formation of less
stable mineral phases. In terms of Ostwald’s law of stages, 50 the activa-
tion barrier of the last phase transformation could be increased then by
the addition of this enantiomer because a further attachment of growing
material is blocked. But the assumption that an unequal distribution of
binding sites throughout the growingmaterial is present would break sym-
metry. 57–59 Taking into account that the three main polymorphs are cen-
trosymmetric, the statistical distribution of di�erent growth steps and the
corresponding chiral binding sites should be equal, and the growing pro-
cess should not be a�ected by a di�erence in handedness of the applied
enantiomers. Now let us investigate the situation in a solution containing
both calcium ions and amino acids.�is situation, prior to phase selection
and in fact even prior to nucleation, is di�cult and unsettled due amino
acids acting as ligands in the coordination chemistry of calcium.60 �e
nucleation and crystal growth in the presence of amino acids (Haa) is dic-
tated kinetically and thermodynamically by calcium amino acid complex
formation equilibria such as the following.

[Ca(H2O)n] 2+ + aa− ÐÐ⇀↽ÐÐ [Ca(aa)(H2O)n−m]+ +mH2O
[Ca(aa)(H2O)n]+ + aa− ÐÐ⇀↽ÐÐ [Ca(aa)2(H2O)n−m]+mH2O
[Ca(aa)2(H2O)n]+aa− ÐÐ⇀↽ÐÐ [Ca(aa)2(H2O)n−m]−+mH2O

Large numbers of enantiomeric and diastereomeric amino acid com-
plexes may coexist and it seems plausible that �ve- or seven-coordinate
species exist as well, although only sixfold-coordinated metal centers are
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depicted in Fig. 7.9. Most of the possible calcium complexes have neither
been demonstrated in solution nor isolated and structurally been char-
acterized, but they will exert a distinct in�uence on crystal growth and
dissolution, as they have di�erent structures, symmetries and thermody-
namic stabilities. For instance, the most simple mono-alaninato calcium
compound [Ca(ala)(H2O)n] 2+ is only present in small amounts for pH
lower than 8.5, but if the pH values are higher than 11, then 16% of the total
solved calciumwill exist in this complex. Employing positive-ion ESImass
spectroscopy of alanine and calcium containing solutions show clearly the
presence mono-, di- and tri-substituted calcium centered alaninato com-
plexes. Prominent signals at higher masses indicate the existence of com-
pounds with more than one calcium ion.61 �e suspicion of Lahav et al.,25

that cryptochiral contaminations∗ trigger this phase selection, could be
disproven by di�erent approaches. In order to probe such in�uence of chi-
ral contaminants, several crystallizations were carried out in presence of
enantiopure amino acids with and without addition of traces of a second
enantiopure amino acid of either handedness, which lead in any case to
a complete loss of phase selectivity. �us, homochiral impurities clearly
suppress the e�ect of phase selection rather than promoting it.61

�e existence of numerous variants of calcium complexes, which are all
present in themother solution linked together by a weak equilibrium, may
hold the key to this phase selection, which apparently breaks symmetry.
�e tri-substituted octahedral complexes split up into two enantiomers

∆ and Λ, if the absolute λ- and δ-conformations of the chelate ring is ne-
glected (Fig. 7.9). In case of asymmetric ligands like the N,O-bis-chelate
complex [Ca(aa)3] – the fac- andmer- isomers have to be taken in account.
�us, the solution contains a large number of enantiomeric and diastere-
omeric calcium amino acid complexes besides the besides the minority
component of non-coordinated amino acids. In order to generate di�er-
ent physical and chemical e�ects, the ratio of diastereomers Λ/∆ of these
complexes must change if the handedness of the amino acid ligand is al-
tered.

∗ cryptochiral contaminants: analytically
unveri�able impurities. 59
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Figure 7.9. Selection of conceivable octahedral calcium-alaninato co-
ordination compounds. The stereochemistry of the alanine
ligand is not shown.
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In the following discussion, we abbreviate complexes of di�erent sym-
metry as follows:

Λ − [Ca(l−aa)3]− ∶= Λl

∆ − [Ca(l−aa)3]− ∶= ∆l

Λ − [Ca(d−aa)3]− ∶= ∆d

∆ − [Ca(d−aa)3]− ∶= ∆d

Following symmetry, the enthalpy of complex formation ∆G f orm ofmir-
ror related complexes have to be equal (∆G f orm (Λl) = ∆G f orm (∆d)).
Di�erences in complex stability will favor one of the diastereomers of the
same amino acid enantiomer (e.g. ∆G f orm (Λl) < ∆G f orm (∆l)). In the
case of the other amino acid enantiomer, the ratio should reverse (then
∆G f orm (Λd) > ∆G f orm (∆d)). Self-evidently, diastereomeric complexes
like Λl and ∆l cannot interact identically with a chiral binding site of cal-
cite. However, no symmetry breaking should be present and the ratio of
Λ/∆-diastereomers in each solution should correspond and, naturally, the
Λ/∆ ratio should inverses if the handedness of the amino acid is changed.
�erefore, the both favored complexes are related by mirror symmetry.
However, articles concerning theory and observed symmetry breaking

are nowadays legion. In case of the occurrence of chiral resolution dur-
ing the crystallization of di�erent chiral chlorates and bromates, 57–59 the
cause of this symmetry breaking could be tied down to a puzzling inter-
play of nucleation, convection 57 and stirring 58 based on the principle of
the common-ancestor e�ect62 which leads to an advection-mediated chi-
ral autocatalysis. Furthermore, the weak parity violation energy di�er-
ence (PVED) arising from parity non-conserving neutral currents is now
widely accepted.63 �e energy di�erence found for amino acids is
∼ 10−17kBT .64 �e theoretical value of PVED is highly sensitive to the
quality of the applied methods and may increase by up to two orders of
magnitude.65,66 In principle, it could be possible to amplify this small en-
ergy deviation under conditions like polymerization, condensation or in
particular crystallization in order to a�ect chemical behavior and to prove
the possible in�uence of the PVED on chemistry.64
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�e PVED is a function of the atomic number Z of the asymmetric
atom to the power of six. Indeed, the crystallization behavior of sodium
(Z = 6), cobalt (Z = 30) and iridium (Z = 77) centered complexes with re-
spect to their Λ/∆-conformation featured a breaking of symmetry during
their crystallization.67 Scolnik et al. based their approach on ampli�ca-
tion the PVED e�ect by homochiral polymerization,68 and they actually
found subtle di�erences in circular dichroism (CD) and isothermal titra-
tion calorimetry (ITC) depending on the chirality of the monomers.�is
substantiates the assumption that an intramolecular autocatalytic ampli�-
cation of a slight chiral deviation takes place. Interestingly, the e�ect van-
ishes under addition of 80% of deuterated water. Bulk water can be viewed
as a mixture of ortho-water and para-water in ratio 3:1. Ortho-water repre-
sents the case, in which the proton spins are parallel and therefore bears
a magnetic �eld. �e authors propose that due to the magnetic compo-
nent of ortho-water the l-enantiomer is preferentially solvated and that if
mainly deuterated water is present the spin isomers are ‘scrambled’.68–70

�us if the observed e�ect vanishes in highly deuterated water, this will
indicate, whether PVED plays a role in the observed e�ect or not.
Calcium-centered complexes (Z = 20) can be considered to be amino

acid oligomers and may exhibit comparable behavior. But in the present
case, a superposition of enhancement e�ects could occur: (a)�e enhance-
ment of PVED due to the crystallization of chiral complexes like the re-
sults of Szabo-Nagy et al.67 (b)�e enhancement of PVED because of an
oligomerization of chiral amino acids as in the case Scolnik et al. pre-
sented,68. (c) A subtle di�erence in solvation and protonation of amino
acids as discussed by Scolnik et al. which may lead to a distinct deviations
in complexation behavior and pH pro�le.68 But a change in the pH pro�le
can lead to the observed switch in phase. Several experiments utilizing
other crystallization methods with di�ering pH pro�les proved that this
leads to distinct di�erences in the obtained CaCO3 phase composition.
Following Scolnik et al.,68 CD spectra of di�erent amino acids were

recorded under addition and absence of calcium but under otherwise com-
plete identical conditions. However, no deviation between calcium-free
and calcium-doped solutions could be detected within the precision limits
of the instrument.�e spectra of proline are shown in Fig. 7.10, accompa-
nied by the spectra of l-alanine.�e inset demonstrates the uncertainty of
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the conductedmeasurements. Additionally, crystallizations in 80%deuter-
ated water were carried out in presence of the enantiomers of alanine, pro-
line, and glutamic acid, but they did not di�er from samples received from
bulk water (Fig. 7.11). However, these crystallizations had to be carried out
in very reduced volumes which lead to a severe reduction in phase selec-
tivity for both bulk and deuterated water due to the distinct change in the
pH evolution. However, no substantive experimental proof of the depen-
dence of the Λ/∆-diastereomeric ratio on the handedness of the amino
acid ligand could be achieved applying available methods.
Summing up the results, they demonstrate that chiral additives selec-Summary

tively can lead to a nonclassical crystallization in terms of a symmetry
breaking phase selection. Nucleation and crystal growth are not only an
expression of equilibrium energetics, but also of the growth kinetics. Only
the levorotatory additives allowed growth kinetics to dominate the crys-
tallization process, thereby leading to a nonclassical phase selection of a
metastable CaCO3 polymorph. It was demonstrated for the �rst time that
the phase selection of CaCO3 can depend on the chirality of the additives.
�is contribution explores chiral additives in polymorph control of miner-
als for the �rst time and addresses nonclassical polymorph selection due to
symmetry breaking. Based on this study, onemay speculate furtherwether
the homochirality of amino acids is based on the di�cult and puzzling in-
terplay of chirality and complex formation.�en, calcium-centered amino
acid complexes could have shi�ed the enantiomeric equilibrium towards
the nowadays dominating l-enantiomer due to the PVED e�ect.

Experimental Part

Ultrapure water was used in each step (>18.3MΩ, Millipore Synergy 185,
UV oxidation). Glass slides which were used for sample collecting were
cleaned in a mixture of ammonia solution (28 – 30%), hydrogen perox-
ide in water (1:1:5 by volume) for 10min at 80° C. A�erwards, the slides
were rinsed with ultrapure water and dried with nitrogen (99.999%). Crys-
tallization was carried out employing the so-called slow-di�usion tech-
nique.71–77 An amount of 250mg of each amino acids enantiomer (Acros
or Sigma-Aldrich, >98%) was diluted in 250ml of a 10mmol l-1 CaCl2 solu-
tion (Merck, Suprapur), in some cases by means of ultrasoni�cation. Both
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(a) L- and D-proline.

(b) L-alanine.

Figure 7.10. CD spectra of proline and alanine under addition and
absence of 10mmol l-1 calcium chloride. The inset demon-
strates the deviation of different experimental series, which
does not show uniform behavior with regard to the pres-
ence of calcium.
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(a) L-alanine in water, scale bar:
200 µm.

(b) L-alanine indeuteratedwater, scale
bar: 100 µm.

(c) L-valine in water, scale bar: 200 µm. (d) L-valine in deuterated water, scale
bar: 200 µm.

(e) L-proline in water, scale bar:
200 µm.

(f) L-proline in deuterated water, scale
bar: 200 µm.

Figure 7.11. Scanning electron micrographs of crystallizations under
addition of 1mgml-1 L-amino acids either in water or in 80%
deuterated water.
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solutions had a typical pH of 7 as an adjustment of pH before starting the
crystallization was abstained, because foreign ions can strongly a�ect the
precipitation of calcium carbonate. �e solutions were incubated simul-
taneously with 14 g of freshly ground ammonium carbonate (Acros, p. a.)
in the same desiccator at room temperature for a period of 48 h. A�er
completion, the slides were gathered, cleaned with water in order to re-
move weakly adhered crystals. Crystallizations in deuterated water were
performed in small perforated snap cap vials (10ml volume). A solution
of 1mgml-1 amino acid was mixed with 0.1ml 500mM CaCl2 and 4ml
of H2O resp. D2O (Deutero, 99.9%). �en, six samples were incubated
together in a desiccator for 48 h on accurate equal distance concerning
the Petri dish with 5 g of freshly ground ammonium carbonate. Further-
more, several crystallizations were conducted withmethods of Cölfen and
Kitano which are characterized by di�erent pH pro�les.78,79

�e calcium concentration was determined by means of atomic absorp-
tion spectroscopy in the supernatant solution of crystallization experi-
ments employing alanine enantiomers as additives. In case of the levorota-
tory form, the supernatant contained 1.3mgml-1whereas in case of the dex-
trorotatory enantiomer it contained 0.8mgml-1. A WTW SenTix 81 pH
electrode with automatic temperature compensation, a [Ca 2+]-sensitive
WTWCa800-electrode, and twoWTW pH/Ion 340i processing unitswere
used to monitor the pH and [Ca 2+] in intervals of 5min. Elemental anal-
ysis of the precipitates yielded in a blank test 0.05% N, in presence of l-
alanine 0.06%N, in presence of d-alanine 0.06%N. Samples of CaCO3
obtained in presence with l- and d-alanine were measured by means of
CP/MAS-NMRwith acquiring data time of 4 d. X-ray di�raction patterns
were recorded in transmissionmodewithCuKα1 radiationusing a Siemens
D5000 equipped with a Braun M50 PSD. Scanning Electron Microscopy
(SEM)was performedwith a ZeissDSM940 (acceleration voltage 3 – 15 kV,
working distance 5 – 7mm). For better conductivity, the samples were
sputtered with 10 nm of gold by means of a Baltec MED020 coating sys-
tem.
For molecular modeling and dynamic simulation, Materials Studio v4

from Accelrys was employed. 53 An initial comparison between the results
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of ab initio calculations with DFT (PB91, GGA) and the Compass force-
�eld con�rmed that electrostatic interactions dominate and that the com-
putational results arewell reproduced using the less time consumingCom-
pass force�eld. �e additive geometry of l- and d-alanine were energeti-
cally optimized with Forcite, Compass force�eld and an atom-based sum-
mation method. Start-up geometries of the bulk calcite crystal were ob-
tained by cleaving a (104) surface at a depth of 21.25 Å from a 2 × 7 super-
cell. �e bulk crystal was constrained to �xed cartesian positions, and a
two layer deep (104)× (014) calcium-terminated step was used. Calcium-
terminated steps were used hence the crystallizations were performed in
slow di�usion technique and therefore in excess of calcium in solution.
�e starting geometries of the additive were produced by the construc-
tion of an amorphous cell of 50 molecules for the given size of the bulk
crystal. A�er layering, the geometry was optimized with the Forcite pack-
age and the Compass force�eld at ultra-�ne quality (500 000 iterations
at maximum). A�erwards, a 10 ps Forcite quench (ultra-�ne, Compass
force�eld with Ewald summation) was performed to study the stability of
surface-bound amino acids.
In circular dichroism experiments, any employed vial was heated out

at 110° C for 3 h prior usage. Base solutions of amino acids (alanine, pro-
line, phenyl alanine, valine and as control glycine and rac-alanine), in
case of alanine from di�erent manufactures (Merck, Acros, ABCR, Fluka)
and di�erent quality (e.g. 99.98%, Biochem, for synthesis) were produced
gravimetrically and were diluted to yield a 2 g l-1 amino acid solution. Af-
ter mixing equal volumes of the respective amino acid base solution and
20mmol l-1 CaCl2, the resulting solution was equilibrated at room temper-
ature for at least 12 h. Any CD measurements (Jasco CDF-426S) were per-
formed three times with at least three di�erent batches of solutions. Data
analysis was performed with Origin 7.5 (OriginLab Corp).
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8. Résumé

Nonclassical crystallization, i. e. crystallization processes which challenge
classical theories of nucleation and crystal growth, appears today to bear
the potential of a toolbox for gaining control over a wide range of material
characteristics. Di�erent classes of nonclassical crystallization processes
were presented in the preceding chapters: (i) liquid amorphous interme-
diates, (ii)mesocrystallization, and (iii) symmetry-breaking (cf. Research
Objectives, Chp. 2). All three classes were shown to control key character-
istics of materials like phase, shape or size. As a model system, calcium
carbonate was chosen, which on the one hand appears quite simple and is
facile to produce but on the other hand it is of remarkable industrial impact
and of abundant presence exhibiting delicate molding and extraordinary
functionality in Nature.
�e phase selection bymeans of symmetry-breaking interaction of ami-

no acid additives demonstrates a unusual category of nonclassical crystal-
lizations. Symmetry-breaking is of high scienti�c interest but highly de-
bated. �e discovery of the parity violating weak interaction jeopardized
foundations of classic chemistry: the principle of symmetry and the en-
thalpic equality of stereoisomers. �e �ndings, which are presented in
Chp. 7, can be regarded as one of today numerous examples of symmetry-
breaking by ampli�cation of the parity violating weak interaction by crys-
tallization or polymerization. In the present case, only the levorotatory
additives lead to a nonclassical phase selection of a metastable calcium car- (iii) Nonclassical and

Symmetry-Breaking Phase
Selection of Calcium
Carbonate.

bonate polymorph, which is the �rst demonstration that the phase selec-
tion of CaCO3 can depend on the chirality of the additives.
Nature molds organic components of hard tissue by occlusion in grain

boundaries of the mineralized constituents, which yields in the case of the
gastropoda Haliotis laevigata in a “stack of coins”-like structure.�e crys-
tallographically oriented calcium carbonate tablets are separated by small
sheets of organic tissue. �is concept of molding of organic tissue was
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8. Résumé

adopted in a reversed manner in order to yield in a molded calcium car-(ii) Nonclassical
Compression-Molding of
Calcium Carbonate in Ice

Mesocrystals.

bonate hollow structure (cf. Chp. 6). Replacing the so� tissue by calcium
carbonate and the hard tissue by amesocrystalline ice matrix, small sheets
of calcium carbonate were obtained. A�er removing the ice mesocrystal
by freeze-drying, these sheets reeled to form nanotubes featuring a re-
markable aspect-ratio. Built up from crystallographic aligned nanocrys-
tals, mineral mesocrystals show the potential of adopting di�erent shapes
whereas in the presented case, the mesocrystallinity of ice was employed
to mold a mineral in a nonclassical shape.
Faatz et al. postulated and Rieger et al. evidenced the existence of a

liquid calcium carbonate intermediate but the reported experiments may
su�er from experimental artifacts of fast-mixing which falsely hint at the
existence of a calcium carbonate liquid intermediate phase. By a di�usion-
controlled and contract-free experimental setup, the existence of
nonclassical liquid intermediates, which precede the crystalline mineral(i) Nonclassical Liquid

Intermediates of Bivalent
Carbonates . . .

phase of a bivalent metal carbonate at neutral pH, was proven in Chp. 3
and Chp. 4. �e formation and the stability of this extraordinary liquid-
like carbonate phase is attributed to the presence of numerous species of
carbonate andmetal complexes during the precipitation process. A vast va-
riety of carbonato-, bicarbonato- and aquo-coordinated metal complexes. . . Form Due to Numerous

Constituents and Solvent
Interaction . . .

which further can condensate to form a polynuclear network consisting of
water, metal complexes and the three carbonate species. �e presence of
various bonding partners, variable coordination geometries and coordina-
tion numbers of the carbonate groups and the associated distribution of
local structures favors the formation of a non-crystalline phase. In other
words, the pH dependent protonation of carbonate, which yields in the
two additional species of bicarbonate and carbonic acid, jams the forma-
tion of a crystalline phase by lowering carbonate activity and ‘disguising’
carbonate ions as bicarbonate and carbonic acid. In the present case, the
solventwater is able to incorporate andmassively interact with the blocked
carbonate species and thus leads to a highly hydrated and liquid-like cal-
cium carbonate phase. �e lifespan of the emulsi�ed state is remarkable
under contact-free conditions; no extensive aggregation and coalescence
does occur.�e stabilization of the emulsion is electrostatically, its coales-. . . Are Electrostatically

Stabilized . . . cence and aggregation barrier could be easily lowered by the addition of
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salt which screened the coulomb interaction as predicted by theDLVO the-
ory. In several publications, L. A. Gower et al. proposed and evidenced the
existence of a so-called ‘polymer-induced liquid-precursor’ (PILP).�eir
investigation mainly focused on the late state of the precursor, its transfor-
mation to crystalline material and the application of this precursor. How-
ever, very little was known about the origin, the mechanism of formation
and stabilization of this precursor. As the name implies, it is proposed
that the liquid precursor is induced by the addition of tiny amounts of
polymers, which gather and sequester cations and as a consequence to at-
tenuate the supersaturation and to delay the crystallization. Proteins of
di�erent isoelectric points were employed in Chp. 5, to gain insight into
mechanistic details. �e basic and positively charged protein lysozyme
(pI = 9.3) demulsi�es the transient state, so that the assumption of negative
surface charge and an electrostatic stabilization of the pure emulsi�ed liq-
uid calcium carbonate precursor is reasonable.�is backs the conclusions,
which were drawn from the aggregation and coalescence of the emulsi-
�ed and additive-free state in presence of salt. In contrary to lysozyme, . . . Comply with the DLVO

�eory.the negatively charged acidic protein ovalbumin (pI = 4.7) extends the life-
span of the emulsi�ed state. Deduced from recent small-angle neutron-
scattering data, ovalbumin dramatically decreases calcium activity of the
bulk solution but locally increases the calcium concentration next to the
protein. �e decrease in calcium activity relieves the solution’s supersat-
uration, prevents the formation of crystalline material, whose formation
would require higher supersaturation according to their solubility prod-
ucts, and in summary extends the life-time of the liquid and amorphous
precursors. From a colloidal chemical point of view, this was interpreted
as a depletion stabilization in Chp. 5. As the process of depletion stabi-
lization is invariably preceded by depletion �occulation, the PILP coating
e�ect actually evolves to be a result of a demulsifying process induced by
depletion �occulation.
In brief, three categories of nonclassical crystallization of bivalent metal

carbonateswere investigated: (iii) symmetry-breaking phase-selection, (ii)
mesocrystallization, and (i) the emergence of liquid amorphous interme-
diates. �e latter were investigated applying an ultrasonic levitation tech-
nique in order to gain insight in the formation and stabilization mecha-
nisms, which have to be described in terms of the physical chemistry of
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colloids and emulsions.�is �ndingsmay pave theway for a broader appli-
cation of the PILP mechanism and for a deeper understanding of biomin-
eralization processes in vivo.
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A. Appendix

A.1. Classical Concepts of Crystallization

Phase transitions cannot be described based on the so-called thermostat-
ics (the thermodynamics of equilibrium processes) since they are irre- Supersaturation
versible.�e supersaturation S is a quantity which allows one to describe
in simple terms how far away a system is from a state of equilibrium. It is
de�ned as a ratio of the actual concentration of the solute c to the equilib-
rium solubility product KSP .

S = c
KSP

(Eq. A.1)

�e change in the associated chemical potential ∆µ forces back the sys-
tem to the equilibrium, which implies that the system will lower its super-
saturation via phase separation in general or nucleation in special.

∆µ = −kT ln S (Eq. A.2)

Gibbs derived in his classical treatments of heterogenous equilibrium,
that a necessary condition for stability resp. metastability of a �uid phase is
that the chemical potential of a component has to increase with increasing
concentration of that component. 1 In case of two components this reduces Conditions of Stability
to (∂2G/∂c2)T ,P > 0. �us the limit of metastability is (∂2G/∂c2)T ,P = 0,
which is called the spinodal line. A phase diagram of a regular solution
is depicted in A.3; the binodal line divides the regions of stability and
metastability, whereas the spinodal line separates the regions of meta- and
instability. In the metastable region, a �nite concentration �uctuation—
the nucleus—is needed to destabilize the solution. �e energy barrier of
nucleation is a measure of the solution’s metastability. At the spinodal line,
the work of nucleation approaches zero which leads to joint concentration
�uctuations which spontaneously grow. We will �rst investigate binodal

101



A. Appendix

processes, nucleation, and then turn to spinodal decompositions, which
are described by the Cahn-Hilliard theory.

Figure A.1. Themolar free enthalpy during the growth of a nucleus. The
red line represents ∆Ghom(r), which is the sum of the sta-
bilizing volume term ∆GV (black line) and the destabilizing
surface term ∆GS (dashed black line).

A.1.1. Phase Separation in theMetastable Region

�e classical approach of Becker, Döring andVolmer describes nucleationClassical Nucleation�eory
in terms of an aggregation of single building blocks (molecules or ions).2,3

�e driving force of homogenous nucleation arise from the change ∆Ghom

in free enthalpy, which is the sum of a stabilizing volume term ∆GV and
a destabilizing surface term ∆GS . �e volume term ∆GV quanti�es the
gain in molar free enthalpy ∆GN(n) if n building blocks are incorporated
in the nucleus (thus in the new phase). If the number of building blocks
n is expressed in terms of nucleus volume VN and molar volume VM of
the building blocks, then the volume term will scale linearly with the nu-
cleus volume VN .�e loss in free enthalpy ∆GS , which is needed to create
the new interphase AN (thus the surface of the nucleus), is a function of
the surface free energy γ. Generally, the surface free energy γ is assumed
to be independent of the curvature of the nucleus, primarily because γ(r)
cannot be determined experimentally merely molecular-dynamically.�e
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Laplace formula predict a higher pressure due to the surface tension. As-
suming an incompressible nucleus, this e�ect is commonly neglected.

∆Ghom = ∆GV + ∆GS = ∆GN(n)
VM

VN − γ ⋅ AN (Eq. A.3)

= 4πρN

3MN
∆GN(n)r3 − 4πσN r2 (Eq. A.4)

Assuming that the nuclei are spherical, one can rearrange the equation
Eq. A.3 to yield equation Eq. A.4 which is plotted in A.1. �e curve’s an-
gular point corresponds to the nucleation barrier ∆G∗

hom = ∆Ghom(r∗)
which a nucleus has to overcome in order to represent a new stable phase.
�us, nucleus has to reach a critical radius r∗ = 2σNMN/ρN∆GN(n) to
withstand redissolution.
�e classical homogenous nucleation rate J, which is a product of the

nucleus number density and the di�usion current, can be approximated
by a Boltzmann approach.

JN ∝ e−∆G
∗

hom/kBT (Eq. A.5)

If foreign bodies a�ect the nucleation process (e.g. vessel walls, proteins
and their aggregates, dust, . . . ), heterogenous nucleation may occur. A Heterogenous Nucleation
heterogenous nucleation as depicted in Fig. A.2 is energetically favored be-
cause the surface term ∆GS in Eq. A.3 is reduced by a factor f (θ); Eq. A.6
gives the example of f (θ) in case of a �at heterogenous interface. Hence,
it is di�cult to study pure homogenous nucleation and to suppress any
heterogenous in�uences. Only if the contact angle θ approaches the up-
per limit of 2π no heterogenous in�uence would occur. �is probably
will never occurs in reality. �e contact angle is de�ned in Young’s equa-
tion (Eq. A.7), which describes the equilibrium contact angle of a droplet
placed on a �at surface.

f (θ) = 1
4
(2 + cos θ)(1 − cos θ)2 (Eq. A.6)

cos θ =
σs/m − σn/m

σn/s
(Eq. A.7)
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Figure A.2. Principle of an heterogenous nucleation. Each interphase is
characterized by its surface tension σ .

A.1.2. Phase Separation in the Instable Region

Cahn and Hilliard studied phase separation in the unstable region whichSpinodal Phase Separation
occurs by a spinodal mechanism. A complete derivation is skipped in fa-
vor of a short discussion of the �ndings concerning crystallization; for a
more elaborate derivation please refer to the corresponding literature.4 If
a system of two components is quickly destabilized (e.g. by decreasing
temperature quickly enough, Fig. A.3), it reaches the region of instabil-
ity. Now, smallest concentration �uctuations are no more damped out but
they spontaneously grow (Fig. A.4a – c). In other words, the di�usion co-
e�cient of the solute component is negative and the di�usion is directed
uphill towards the concentration gradient. Following the Cahn-Hilliard
theory, the �uctuations are spatially related by an appropriate character-
istic and time-dependent wavelength λ(t) (Fig. A.4a). Finally, the con-
centration �uctuations are static and the phase boundaries are stable.�e
system has reached a two-phased state of equilibrium as it has le� the in-
andmetastable regions (Fig. A.3 andA.4d).�e kinetic of such a process is
described by the Cahn-Hilliard equation (Eq. A.8). It is highly non-linear
because the chemical potential µ is a function of the concentration c. Pat-
terns, which occur during and because of spinodal phase separations, can
be modeled applying this equation.

ċ = D0∇2µ (Eq. A.8)

A.1.3. Further Crystal Growth

�e formation of a stable nucleus is a stochastically seldom event. If this
occurs, the nucleus starts its growth. �e classical model subdivides the
incorporation of a single building block in a crystal in several consecutive
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Figure A.3. Idealized phase diagram of a two-component system. Start-
ing from the initial state characterized by Ti > Tc , the system
is instable and enters the spinodal region so fast that no bin-
odal phase separation occurs, a spinodal phase separation
can take place.4

Figure A.4. Course of a spinodal decomposition. (a – c) A small fluctu-
ation in concentration is amplified by diffusion. (d) Finally,
the system reaches a stable two-phased state. 5
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steps. First, (a) the building blocks have to di�use to the crystal. A�er
their (b) absorption on the surface, they undergo (c) two-dimensional dif-Volmer Di�usion
fusion on the crystal surface to an active growth step (Volmer di�usion).
A�er reaching the growth step, (d) one-dimensional di�usion to an exist-
ing kink site may occur before the building block is �nally gets (d) incor-
porated in the bulk crystal.
If one layer is complete, new active growth sides will be crucial for aKossel-Stranski Model

continuing growth of the crystal. Single building blocks may attach to the
surface independently of the further growth of layer, which only occurs at
kink sites as this is clearly energetically favored. Only if the actual growing
layer is completed, the �rst attaching building block acts as a nucleus for
the next new-forming layer. �us, in the classical model of Kossel and
Stranski, who proposed independently the same model, the crystal grows
layer by layer.
However and as so o�en, the observed rates of crystal growth at low su-Frank Model

persaturation are too rapid to be explained by nucleation on �at surfaces.
Frank deduced, based on experimental data, the existence of screw dislo-
cations and presented their possible importance on a Faraday Discussion
of Crystal Growth.6 Shortly a�erwards, experimental veri�cation of his
assumptions followed.7–9

A.2. Basic Principles of Acoustical Levitation

First described in 1933 by Bücks and Müller, 10 the acoustic levitation tech-
nique has attracted considerable attention until today in various �elds,
which require a reliable contactless environment. �e acoustic levitator,
which was employed in this dissertation, is depicted in Fig. A.5. As a re-
sult of axial radiation pressure and radial Bernoulli forces, liquid and solid
samples can be placed and held in a levitated position in the sound pres-
sure nodes of this wave without contact. Typically, levitated samples have
a volume of 5 nL – 5 µL (corresponding to a diameter of 0.2 – 2mm). No
other constraints, such as magnetic or dielectric properties, apply for the
ultrasonic leviation of a sample.
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Figure A.5. Setup and principle of the employed acoustic levitator.
A sound level of about 160 dB compensates gravity. A
droplet of water is levitated in the central node of the
standing acoustic wave to demonstrate the levitation of
liquid samples.

A standing acoustic wave can only be generated if the distance l⋆ be-
tween sonotrode S and re�ector R is an integer multiple of the half wave-
length λ.

n ⋅ λ
2
= l⋆ n = 1, 2, 3, . . . (Eq. A.9)

�e levitational force, which has to act on a aqueous droplet of 5 µL can
be estimated quite easily.�e gravitational force FG = mg ≈ 50 µN has to
be compensated by the sum of levitational force FL and buoyant force FB.
In case of an aqueous droplet, the latter force is in the negligible range of
65 nN.
A mathematical derivation of the levitational force FL starts from the

equation of continuity (Eq. A.10) and the equation of motion of the gas
pressure (Eq. A.11). 11

∂
∂t

ρ +∇ρq = 0 (Eq. A.10)

ρ ⋅Dq = −∇p (Eq. A.11)

whereD = ∂
∂t
+ vx

∂
∂x

+ vy
∂
∂y

+ vz
∂
∂z

Herein, the vector q = f (vx , vy , vz) describes the velocity of gas particles
as a function of location. Now, several approximations are introduced.�e
density of the medium ρ is local invariable and the absence of turbulence
near the levitated particle is assumed. Along with boundary conditions
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concerning the integral of pressure variance at the levitated particle sur-
face, the levitational force FL for a droplet resp. sphere can be expressed
with the following and concluding equation.

FL =
5π2

3
r3

λ
ρE sin(

4π
λ
∆x) (Eq. A.12)

A.3. Avrami’s Equation

In the 1930s, Avrami developed a theory of the kinetics of phase change,
yielding the so-called Avrami equation.∗ , 12

fV = 1 − e−kAt
n

(Eq. A.13)

As the fractional volume fV of the new phase is normalized to run betwen
zero and one, fV is equatable with scale factors s(t)which can be extracted
by a Rietveld analysis 13 of X-ray powder data.�e exponent n is called the
Avrami exponent, which mainly characterizes the crystallization kinetics
and kA is the Avrami constant. Hoewever, the physical interpration of
these both constants remains di�cult. 14,15

Presented by Jena et al., 14 a simple derivation of the Avrami equation
analyzes a transformation of a phase α to a new phase β occuring in the
time interval t0 < t < tmax and starts with the following assumptions:
(i) In untransformed material α, the nucleation of β occurs unhindered
and randomly. (ii) �e nucleation rate per volume Ṅ of β remains con-
stant over the complete transformation process.(iii)�e growth rate Ġ of
the nucleated β particles is isotropic.
During a time interval of dt,N new β particles will form in the untrans-

formed α phase.
N = ṄVdt

In the remaining time of the transformation process (tmax − t), the
formed nuclei will grow to yield a spherical particle of radius Ġ (tmax − t).
If we initially neglect the loss in volume of the α phase, the phase β would
increase and the so-called ‘extended volume’ dVβext of the time interval

∗ Also known as the Kolmogorov-
Johnson-Mehl-Avrami (KJMA) equation
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dt would be Eq. A.14 and its integral V β
ext determines the total extended

volume in the time interval (t − tmax) (Eq. A.15).

dV β
ext = 4π

3
(Ġ (tmax − t))3 Ṅ dt (Eq. A.14)

V β
ext = π

3
VṄ Ġ3t4 (Eq. A.15)

As a portion of the extended volume “overlaps”with already transformed
volume, the volume of really new formed β is proportional to the volume
fraction of α.

dV β = V β
ext (V − V β) (Eq. A.16)

Integration and rearrangement yields the familiar formof theAvrami equa-
tion .

fV(t) ∶= V β

V
(Eq. A.17)

= 1 − e−kAt
n

(Eq. A.18)

where kA =
π
3
Ṅ Ġ3 and n = 4
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A.4. List of the Appendix’ Variables and
Constants

c0 speed of sound in air

ı imaginary unit

kB Boltzmann constant

KSP equilibrium solubility product

AN nucleus surface

Ap amplitude of the acoustic �eld at
the particle surface

A0 amplitude of the incident wave at
the source

A∗0 e�ective amplitude of the acoustic
�eld

c solute concentration

d spacial distance in bulk solution

D0 di�usion coe�cient

FB buoyant force

FG gravitational force

FL levitational force

f (θ) homogenous nucleation factor

fV fractional volume in the Avrami
equation

G, ∆G Gibbs’ enthalpy and its change

∆GS , ∆GV changes in surface en-
thalpy and volume enthalpy

∆GN(n) molar free enthalpy of a
nucleus as a function of the
number of incorporates build-
ing blocks n

∆G∗hom nucleation barrier

Ġ Growth rate of a nucleus

JN homogenous nucleation rate

kA Avrami constant

k0 wave number

l axial coordinate between sonotrode
S and re�ector R
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Variables

l⋆ distance between sonotrode S and
re�ector R

λ(t) Cahn-Hilliard length

λ wavelength of the acoustic standing
wave

n number of building blocks incorpo-
rated in the nucleus or Avrami
exponent

N nucleation particle number

Ṅ nucleation rate per volume

ν0 velocity of sound

MN molar mass of building blocks

µ, ∆µ chemical potential and its
change

ω angular frequency corresponding to
the ultrasonic range

P pressure

p i incident pressure wave

ps pressure wave scattered by the levi-
tated sample

r particle radius, e.g. of levitated
droplet or nucleus

r∗ critical radius of the particle

ρ density of the gas phase

ρN molar density of a nucleus’ build-
ing blocks

ρE density of energy

S supersaturation

σN surface tension of the nucleus in
bulk solution

σx/y surface tension of a interphase
(where n: heterogeneously in-
duced nucleus, s: nucleation in-
ducing surface and m matrix
resp. bulk solution)

t time

T, Ti , Tc actual temperature, initial
temperature, critical tempera-
ture

θ contact angle

VN , VM volume of the nucleus, vol-
ume of one mole of building
blocks

V α , V β Volume of the phase α resp. β

dVβex t extended volumeof phase β in
the time-frame dt

V β
ex t total extended volume

vx , vy , vz velocity of gas along the in-
dexed cartesian axis.

x phase composition

x cartesian coordinate

∆x distance of the center of mass of
the levitated particle to the next
upper pressure node

y, z cartesian coordinate
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