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Amorphous Calcium Carbonate

Although the polymorphism of calcium carbonate is well known, and
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its polymorphs— calcite, aragonite, and vaterite—have been highly

studied in the context of biomineralization, polyamorphism is a much
more recently discovered phenomenon, and the existence of more than
one amorphous phase of calcium carbonate in biominerals has only

1. Introduction 11961

2. Amorphous Calcium Carbonate

very recently been understood. Here we summarize what is known
about polyamorphism in calcium carbonate as well as what is under- 3P rotocrystalline Amorphous

stood about the role of amorphous calcium carbonate in biominerals.

We show that consideration of the amorphous forms of calcium car-
bonate within the physical notion of polyamorphism leads to new 4. Simulation of the Amorphous

insights when it comes to the mechanisms by which polymorphic
structures can evolve in the first place. This not only has implications
for our understanding of biomineralization, but also of the means by
which crystallization may be controlled in medical, pharmaceutical,

and industrial contexts.

1. Introduction

Calcium carbonate is one of the materials that has been
found to possess more than one amorphous state, a phenom-
enon termed amorphous polymorphism, or polyamor-
phism.' While polymorphism—the possession of more
than one crystalline phase—is a long-studied phenomenon,
polyamorphism is a much more recently discovered occur-
rence. The term was introduced in 1980 by the Ukrainian
physicist Leo Samoylovich Palatnik, who wrote: “by analogy
with the phenomenon of polymorphism, well known for
crystalline materials, we will refer to the phenomenon of the
existence of several such varieties of the amorphous state of the
same substance as polyamorphism” %

The majority of research on polyamorphism to date
relates to water, where three ice polyamorphs, termed LDA,
HDA, and VHDA (low-density amorphous, high-density
amorphous, and very-high-density amorphous, respectively)
have been identified (Figure 1). Apart from ice, polya-
morphism has also been studied in silicon.'” While the
majority of systems that exhibit polyamorphism possess
strongly directional interactions, such as covalent or hydrogen
bonding, it has also been shown to occur in metallic alloys."
Even materials held together predominantly by van der Waals
interactions—such as fullerites (Cg, infused with small
molecules or inert gases)—form orientational glasses that
exhibit polyamorphic transitions."” Furthermore, polyamor-
phism can also occur in the liquid state, with the liquid being
a dynamic version of an amorphous solid state; such liquid
polyamorphism is seen in phosphorus™® and triphenyl
phosphite.['4]

In fact, liquid polyamorphism constitutes the ideal, while
solid polyamorphism is its poor relation, in the sense that
liquids are in thermodynamic equilibrium, while glasses, or
amorphous phases, are not, as they are metastable in regard to
crystals. It is for this reason that only liquid-liquid polya-
morphism might appear on a traditional phase diagram, as
opposed to Figure 1. If we think of the concept of thermo-
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dynamically ideal polyamorphism, the closest to this ideal is
the coexistence of two stable liquids (e.g. phosphorus),™ and
there are successive conceptual steps away from that ideal
that still enter within a broader appreciation of polyamor-
phism: a first-order phase transition between metastable
liquids (e.g., silicon),'”! a metastable liquid to glass transition
(e.g., triphenyl phosphite),!* two amorphous solids separated
by an abrupt transition (e.g., ice),””! and lastly two amor-
phous solids which undergo a gradual transition between
them. It remains to be determined exactly where calcium
carbonate polyamorphism lies on this scale.

A simple physical mechanism has been proposed as
a generic explanation for the phenomenon of solid and liquid
polyamorphism: the existence of a double well—or, more
generically, of two characteristic length scales—in the inter-
molecular potential energy hypersurface of a polyamorphic
substance.!>*]
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In this Review we discuss the occurrence of polyamor-
phism in calcium carbonate, a mineral that is well known both
for its polymorphism and also for its importance in biomin-
eralization (that is, in mineral structures formed by biological
systems). We believe that it is timely to examine poly-
amorphism in calcium carbonate from the point of view of
biominerals, since on the one hand amorphous calcium
carbonate (ACC) is increasingly acknowledged to be playing
an important role in biomineralization (Section 2) and, on the
other, it is becoming increasingly clear that there is not just
one form of ACC, but that polyamorphs exist (Section 3). In
addition, new insights into both ACC and the highly
amorphous precursor species have recently come to light
from molecular dynamics simulations (Section 4). We also
highlight several open problems and challenges to be
addressed (Section 5).
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Figure 1. Polyamorphism in ice: the polyamorphism “phase diagram”
of water. Dotted lines: top: minimum crystallization temperature of
(super)cooled water; bottom: maximum crystallization temperature of
amorphous forms of ice.'” Filled gray circle: proposed second critical
point of water and (below, dot-dashed) proposed line of first-order
transitions in (inaccessible) water,"”? continuing into the estimated
equilibrium phase boundary between LDA and HDA.?"? The arrows
show the observed low- to high-density transition at 0.35 GPa, and
reverse transition at 0.05 GPa back to LDA, at 130-140 K, crossing the
upstroke and downstroke lines (thin dashed lines) found by Mis-
hima.”'l (On compression, LDA remains metastable up to the upstroke
line, and, on decompression, HDA remains metastable down to the
downstroke line.) Thick dashed line: approximate P-T boundary for the
formation of VHDA. Reproduced from Ref. [23] with permission. Copy-
right 2006 Macmillan Publishers.

2. Amorphous Calcium Carbonate in Biomineraliza-
tion

The notion that many organisms produce amorphous
minerals such as silica, calcium phosphate, or calcium
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carbonate (ACC) has a long history, but it was not until the
late 1960s that the first transient amorphous phase was
identified in chiton teeth.” Since then there has been
increasing evidence that biominerals, both in vertebrates
and invertebrates, are formed from the corresponding amor-
phous precursor (see reviews in Refs. [25-27]). Calcium
carbonate is, by far, the material most commonly employed
by invertebrates for the construction of hard structures. These
occur as granules, spicules, shells, and additional structures,
and can be made of either of the two main calcium carbonate
biominerals, aragonite or calcite as well as, more rarely,
vaterite.

According to Addadi etal.,® the first mention of
biogenic ACC was made in the early 20th century, although
the first detailed studies involving high-resolution techniques
began in the 1990s. Since then, ACC has been widely
recognized in many groups of organisms (see the review by
Addadi et al.).”® In some of them, ACC is used as a structural
component (e.g. plant cystholiths,” calcitic sponge spi-
cules,** ascidian spicules),” ! or as a reservoir for the
future availability of calcium carbonate (earthworms,>>¢!
arthropods).?>2*34 In other groups (e.g., molluscs***
and sea urchins),®>"" ACC is used as a precursor for the
formation of crystalline calcium carbonate. The study of the
two latter groups is particularly intensive due to the intrinsic
general interest in processes involving the crystallization of
ACC.

It is a matter of debate how such a metastable phase as
ACC becomes stabilized, either transitorily or permanently.
There have been proposals that macromolecules, water,
membranes, and ionic components could perform this
role.”! Aizenberg et al.**** found significant differences
in the amino acid impurities of ACC and calcite from ascidian
and calcitic sponge spicules, and proposed that macromole-
cules, in cooperation with Mg?" ions, were responsible for the
stabilization of ACC. This view was later taken by other
authors to explain the stabilization of ACC in crustaceans,!
sea urchin larval® and adult®*" spines, and earthworms.***!
More recently, the role of low-molecular-weight metabolites
(inorganic phosphates, phosphoenol pyruvates, citrates ...)
has been demonstrated for the stabilization of the ACC of
crustaceans.[*-*’)

Beniash et al.>! were the first to propose the transforma-
tion of ACC into another crystalline phase (magnesium-rich
calcite in the larval spicules of the sea urchin). This
interpretation was later reinforced by the detection of
granules of ACC in spiculogenic cells, which could subse-
quently be transported to the mineralization site.*”! Similarly,
the transformation of ACC into aragonite has been reported
by Hasse etal*! and Marxen etal* in the gastropod
Biomphalaria, by Weiss et al.**! in larval bivalves (although
Kudo etal® did not find ACC in the larval shell of
a Crassostrea), and by Jacob et al.l*”! in freshwater cultured
pearls. All these authors observed how the ratio of crystalline
calcium carbonate to ACC increased during the growth of the
structures. This alone does not imply transformation of ACC
into crystalline calcium carbonate, because direct deposition
of the latter might occur in more advanced growth stages.
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The first direct evidence was obtained concurrently in two
distant groups of invertebrates. Politi et al.”” showed by
differential etching how the ACC of the regenerating sea
urchin spine occurs in a 100-200 nm thick outer layer
(Figure 2A) and deposits preferentially at the tip, which is
where the growth rate is the fastest (see also Seto et al.).”
They also imaged the transformation of ACC into calcite
under irradiation by transmission electron microscopy
(TEM). Simultaneously, Nassif etal®! found a 3-5nm
ACC layer coating the surface of mature nacre tablets. A
similar, although thicker and more continuous, amorphous
front was found in the prismatic calcitic layer of the pearl

Fully crystallized zone

Amorphous forefront

Amorphous =

200nm__ structure

Figure 2. Evidence of ACC surrounding a regenerating sea urchin spine
(A) and a growing calcitic prism of a bivalve (B). A) Regenerating
spine of the sea urchin Paracentrotus lividus. Lower left: view of a freshly
formed microspine after 4 days of regeneration. Lower right: view of

a similar microspine etched in water; dissolution of ACC has occurred
in the external layer. Reproduced from Ref. [52] with permission.
Copyright 2004 AAAS. B) Growing front of a prism of the outer calcitic
layer of the bivalve Pinctada margaritifera showing the contact between
the crystalline interior and the amorphous cortex. Reproduced from
Ref. [46] with kind permission of the Mineralogical Society. Copyright
2008 GeoScienceWorld.
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oyster'*! (Figure 2B). Since all these structures grow by the
addition of material at the growth front, the only possibility is
that the ACC cortex transforms into the corresponding
crystalline phase. Transformation of ACC into crystalline
calcium carbonate immediately raises the interesting issue of
how this transition takes place. During the study of the
formation of the spicules of the sea urchin embryo, Beniash
et al.* found that ACC contains significant amounts of water
that are released during the crystallization process. Later
studies on this structure as well as on sea urchin spines®*>>>
and teeth®™ made it clear that stabilized biogenic ACCs
typically contain structural water, while transient biogenic
ACC:s are in general anhydrous (see Section 4). Biomineral-
ization proceeds in three stages: a) formation of hydrated
ACC, which rapidly transforms into b) short-lived anhydrous
ACC, which changes into c) calcite (see the review by Addadi
et al.”®)). According to experimental data,® this sequence is
energetically downhill.

Nudelmann et al.’? first suggested that calcitic prisms of
a bivalve grow by precipitation of ACC particles (50-100 nm
diameter), which subsequently crystallize epitaxially upon
contact with the crystalline surface. Politi et al.”” were the
first to propose that short-lived anhydrous ACC of sea urchin
larvae transforms into calcite by secondary nucleation, in
which crystallization of ACC stimulates the transformation of
the contacting domains. In this process, the two phases
(ordered and disordered) are both solid and in contact with
each other, and the transformation involves a solid-state
transformation./® The crystallographic orientation is deter-
mined by that of the central initial crystal of the larval
skeleton. The secondary nucleation hypothesis is supported
by experiments, whereby the use of Langmuir monolayers as
model systems has led to the solid-state transformation of
ACC into vaterite being observed.[*!

Distinct short-range order has been observed in ACC. The
first evidence came from ACC of the aragonitic freshwater
snail Biomphalaria glabrata, which was found to have a short-
range order similar to aragonite.[***! Other orders relating to
aragonite®! and calcite®**% were found in aragonitic larval
molluscs and in calcitic sea urchin structures, respectively.
Monohydrocalcite-like ACC has also been referred to in
a series of other organisms.'®! Therefore, the statement of
Addadi et al.®® that biogenic ACC is structurally not one
mineral phase, but a family of phases that appear to be
genetically controlled in different species and phyla, makes
sense. Belcher etal.® and Falini etal””l demonstrated
concurrently that polymorph secretion is controlled by the
macromolecules associated with either the calcitic or arago-
nitic shell layers. The same macromolecules could also control
the short-range order of ACC, if we consider the structural
relationship between polyamorphs and polymorphs.

3. Protocrystalline Amorphous Versions—or Poly-
amorphs—of Calcium Carbonate
Apart from biogenic specimens, synthetically prepared
ACC:s can also exhibit distinct short-range structures. Short-

range structures resembling vaterite and aragonite may be
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obtained in the presence of poly(aspartic acid) and magne-
sium ions, respectively.[’l Additives can stabilize ACC, which
is unstable at ambient conditions, but additive-free stabilized
ACC can be isolated from aqueous environments if it is
precipitated at high supersaturation.™”! However, such
ACCs show no distinct short-range order.”*” These obser-
vations may imply that additives induce short-range structur-
ing in ACC and thus that distinct local order would be an
extrinsic feature of ACC. This notion is in accord with the
observation of structuring in biogenic ACC, since this always
contains bio(macro)molecules as well, and could hence be
under genetic control as speculated by Addadi et al.”™
However, it is now evident that distinct short-range structural
features are intrinsic to ACC if it is precipitated from
a moderate level of supersaturation. The earliest evidence
of distinct structures in additive-free synthetic specimens was
reported by Giinther et al.,® who found calcite-like short-
range structures in ACC synthesized at 0°C.

Additive-free ACC that is precipitated from equilibrated,
slightly supersaturated (metastable) solutions of calcium
carbonate by means of a sudden change to a medium that
only weakly solvates calcium carbonate (e.g. a “quench” in
ethanol) exhibits distinct short-range order.® The structuring
depends on the pH value, that is at pH~8.75 and pH~9.80
ACCs with short-range structures related to calcite and
vaterite, respectively, are obtained (Figure3). The pH
dependency of different structures of ACC was suggested in
an earlier study, with two different solubilities of ACCs
identified (ACCI and ACCII)."” Solubilities directly corre-
late with the thermodynamic stability of the respective phases
(and can reflect the size, because Gibbs-Thomson effects
become important at the nanoscale, or the presence of
impurities). The more stable ACC (ACCI) resembles the
short-range structure of calcite, which is the more stable
crystalline polymorph, while the less stable ACC (ACCII), on
the other hand, is related to the least stable anhydrous
crystalline polymorph, vaterite.”®! Consequently, the notion
of protocrystalline structuring in ACC has been introduced,
namely ACCI and ACCII are proto-calcite ACC (pc-ACC)
and proto-vaterite ACC (pv-ACC), respectively.l*®!

Interestingly, the different stabilities of ACC reflect
different, pH-dependent stabilities of prenucleation clus-
ters.””! The more stable prenucleation clusters correspond-
ingly yield the more stable pc-ACC upon nucleation. Since
nucleation appears to proceed by aggregation of the prenu-
cleation clusters,”””#! this strongly suggests that distinct
structures are also present in prenucleation clusters.*” This is
evidence that the different structures in ACC are intrinsic and
can depend on intensive parameters during the early stages of
crystallization. Moreover, this mechanism may rationalize
why no distinct structures may be obtained in ACC if it is
precipitated from very high levels of supersaturation; in this
case, ACC is precipitated virtually instantaneously, and
protocrystalline structuring in prenucleation clusters (and
with it, in ACC) cannot equilibrate according to a given set of
intensive variables. On the other hand, interactions with
additives may stabilize certain protocrystalline structures in
ACC, which are successively developed. Recent modeling
studies indicate that chainlike and highly dynamic structures

Angew. Chem. Int. Ed. 2012, 51, 11960—11970
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Figure 3. Spectra of calcite, vaterite, proto-calcite ACC (pc-ACC), and
proto-vaterite ACC (pv-ACC). a) "*C solid-state NMR spectra recorded
by single pulses at a magnetic field of 9.4 T and a magic-angle-
spinning (MAS) rate of 8.0 kHz. b) Fourier transform of calcium K-
edge EXAFS plotted as a function of distance R; the expected species
assignments for the first three coordination shells are indicated. The
black arrow marks a peak that may relate to the coordination of
structural water. The vertical lines are a guide to the eye. The data
show that pc-ACC and pv-ACC relate on average to the structure of
calcite and vaterite, respectively, within the short-range structure.
Adapted from Ref. [68].

in prenucleation clusters may be the basic principle behind
protocrystalline structuring in intermediate ACC (see Sec-
tion 4).7%

Despite the above, the protocrystalline structures of
additive-free amorphous intermediates do not necessarily
predetermine the outcome of the amorphous to crystalline
phase transition—proto-calcite ACC does not always trans-
form into calcite,® while unambiguous transformations have
also been reported." Since additive-containing and biogenic
protostructured ACCs can transform in an unambiguous
manner, it appears that additives may specifically interact
with the protostructures during the amorphous to crystalline
phase transitions, and in this way control polymorph selec-
tion.®™ However, there are also exceptions to this rule; for
example, the “aragonitic” ACC in the freshwater snail
Biomphalaria glabrata can apparently transform into minor
amounts of vaterite in adult animals.*”! The detailed mech-
anisms underlying additive-mineral interactions throughout
the different stages of crystallization (prenucleation, nuclea-
tion, postnucleation) remain as yet unknown (see Section 5).
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4. Simulation of the Amorphous Phases and “Proto-
crystalline Structures”

Determining structural models for amorphous calcium
carbonate is a challenging prospect experimentally. Recently,
it has been possible to arrive at two different sample atomic
configurations based on the use of Reverse Monte Carlo
(RMC) simulations to fit to the pair distribution function data
for ACC.™ 1t should be noted that here ACC was precipi-
tated from very high levels of supersaturation and conse-
quently did not exhibit distinct protostructural features (see
Section 3). While this result is suggestive of a possible
heterogeneous distribution of water within ACC when the
stoichiometry is close to that of monohydrocalcite, there
remain uncertainties as to how representative these config-
urations may be. Indeed, a recent study based on solid-state
“CaNMR spectroscopy in combination with molecular
dynamics computer simulations® suggests that the RMC-
based structure of Goodwin etal.™ changes during the
simulations, which may lead to a reduced heterogeneity.

An alternative approach that complements experimental
studies is to exploit atomistic simulation techniques and, in
particular, molecular dynamics to provide structural insights
into ACC. Quigley and Rodger™ have used metadynamics,
a form of bias acceleration, to estimate the relative free
energies of amorphous and crystalline nanoparticles of
calcium carbonate. Although the underlying force field fails
to capture the correct relative stability of the crystalline
polymorphs, this study demonstrates that it is possible to
overcome the limited timescales accessible to molecular
dynamics that would normally prevent phase transformations
from being observed.

Raiteri and Gale®! have taken an alternative approach to
the study of amorphous nanoparticles by quenching clusters
that have been melted in vacuo and subsequently annealing
them in an aqueous environment. Here, a range of cluster
dimensions have been probed, from ion pairs through to
clusters with diameters approaching 4 nm, while also varying
the water content. Although no clear evidence for poly-
amorphism was observed, there are indications of size-
dependent structural inhomogeneity. In particular, the ther-
modynamically favored water content was found to increase
as the particles grow. Combined with the hindered diffusion of
water within ACC, it is probable that this will lead to radial
variations in composition, with the outer shell being wetter
than the inner core. Furthermore, by optimizing the water
content, the free energy of ACC nanoparticles can remain
lower than that of crystalline calcite nanoparticles at small
sizes, thereby leading to ACC being stable, rather than
metastable. However, as particles agglomerate or grow they
will rapidly become metastable with respect to calcite and
aragonite.

Aside from the structure of ACC, molecular dynamics
simulations can also play a role in understanding the nature of
prenucleation species, as identified experimentally. Recently
Demichelis et al.”*! have shown that calcium and carbonate
ions rapidly aggregate in solution to form stable clusters.
These precursors have an unusual and very dynamic structure
consisting of chains of alternating cations and anions.

www.angewandte.org
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Remarkably the system can adopt configurations in which the
ions form rings as well as branched and linear chains that all
possess the same free energy to within the ambient thermal
energy. This new type of species has been labeled a dynam-
ically ordered liquidlike oxyanion polymer (DOLLOP), and
has been suggested to represent the structural form of
prenucleation clusters.®  Although the behavior of
DOLLOP is not formally polyamorphism, as there is no
phase boundary, these structures represent disordered clus-
ters, but with different topologies that can interconvert
(Figure 4). If these species, which are in equilibrium with

Figure 4. Structures of the prenucleation clusters formed from four
formula units. Structures shown represent the configurations of four
separate clusters after 1 ns of simulation under the experimental
conditions ([Ca]=0.4 mm, [HCO;7]=10 mwm, pH 10); Ca green, C blue,
and O red. Note that the surrounding water has been hidden for
clarity. Reproduced from Ref. [78] with permission. Copyright 2011
Macmillan Publishers.

the solution, can reach a critical size it appears that they
undergo a subtle change in structure that causes larger
clusters to appear that are more stable than the initial
DOLLOP form. However, it remains unclear what exactly
happens at the point of nucleation, that is, how the DOLLOPs
grow to reach a critical size; this process could in principle be
based on either ion-by-ion growth or on aggregation of
individual DOLLOPs. Experimental observations””7!
point towards the latter pathway. Thus, the structural
change in larger DOLLOPs, which can exhibit different
interconverting topologies at smaller sizes, may be related to
the protocrystalline structures observed experimentally,
thereby laying the foundation for polyamorphic ACC.

5. Open Questions, Challenges, and Conclusions

There are many gaps in our knowledge on the poly-
amorphism of calcium carbonates, especially when it comes to
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understanding what is occurring at the atomic scale. The
presence of strong electrostatic interactions between carbon-
ate anions and calcium cations, and the hydrogen bonds
arising from the presence of water molecules, must be the key
to understanding the phase transitions between glassy forms,
and also between amorphous and crystalline forms. Similar
cases have been studied, such as in the polyamorphism of
ice,”! and in the transformation of carbonate to carbonic
acid,®™ where several polyamorphs have been detected. It is
often assumed that each amorphous form yields one specific
crystalline form of carbonate, however, this is not necessarily
the case, but instead depends on the nucleation and crystal-
lization conditions. One of the main challenges in calcium
carbonate polyamorphism is the lack of a structural model
that describes these glassy phases. Such a model would allow
us to study the atomic arrangements of different crystallo-
graphic long-range ordered structures or different disordered
structures, as well as the role of water and/or protein
molecules in influencing the mechanism of the amorphous/
crystal-phase transition. The knowledge of a structural model
for these amorphous phases would help in understanding the
role of additives in biocrystallization processes and the
interactions occurring during the amorphous—crystalline
phase transition. Various techniques used in the character-
ization of crystalline forms of carbonates have also been used
to distinguish between the amorphous phases, such as infrared
spectroscopy, X-ray diffraction, extended X-ray absorption
fine structure (EXAFS), and synchrotron X-ray total scatter-
ing methods. However, only indirect information related to
the atomic structure has so far been obtained.’”

EXAFS analyses of glassy calcium carbonates have found
average coordination numbers for Ca>" ions lower than those
existing in the crystal forms (6 for calcite and vaterite, and 9
for aragonite).”’! Calcium K-edge EXAFS experiments along
with Reverse Monte Carlo simulations have found different
Ca distributions, while NMR and IR spectroscopic studies
have found different water molecule environments within the
amorphous carbonate structure.” However, no clear differ-
ences between the atomic structures of the possible amor-
phous phases have yet been detected. Indeed, it remains
uncertain as to how homogeneous the composition, and
therefore the structure, of partially hydrated ACC actually is.

Taking all of the above into account, we can conclude that
the polyamorphism of calcium carbonate is rather extensive
(Figure 5). To begin with, there are hydrous and anhydrous
ACCs, which have been observed to correspond to stabilized
and transient ACCs in biogenic specimens, respectively.”!
The water content in ACC can vary, but with stoichiometric or
near-stoichiometric CaCO;H,O predominating.” From the
point of view of polyamorphism, a varying water content in
distinct forms of ACCs would be regarded as pseudo-poly-
amorphism (cf. pseudo-polymorphism in the crystalline case).
However, a thorough discussion is difficult, as it depends on
the understanding of the actual structural role of water (see
Section 4). For example, there might be regions of polyamor-
phic ACC with the same composition separated by different
wet regions. Dehydration of water-containing ACCs to
generate anhydrous ACC, and subsequent crystallization,
follows a downhill energetic pathway,”®! at least at larger
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Figure 5. Overview of calcium carbonate polyamorphism and poly-
morphism (inset). For explanations see text.

particle sizes, which might indicate that transient biogenic
ACC:s are actually formed from stabilized hydrous precursors
during biologically induced crystallization. In addition to the
varying water content, biogenic ACCs can exhibit distinct
short-range structural features, which can be related to
calcite®>38  (calcitic ACC), aragonite®*>*! (aragonitic
ACC), or monohydrocalcite!®™ (MHC-like ACC). Biogenic
vateritic ACC, however, has not yet been reported with
certainty (Figure 5). The ACC in sternal deposits of Porcellio
scaber may be related to vaterite or monohydrocalcite on the
basis of the oxygen—calcium distance within the first coordi-
nation shell, as determined by means of EXAFS, although IR
data suggest a structural relationship to aragonite.® More-
over, it is important to realize that there are only a few
examples of biogenic vaterite (see Section 2), although the
mechanism of formation has not yet been studied in detail.
Future studies may possibly lead to the unambiguous
identification of a biogenic vaterite-like intermediate of
ACC. Following our considerations above, the differently
structured biogenic ACCs may exhibit varying states of
hydration, depending on their biological function (storage or
transient forms that are about to crystallize).

It remains a matter of debate as to how, in terms of
polyamorphism, the “prestructured” biogenic ACCs relate to
synthetic proto-structured ACCs (proto-calcite ACC (pc-
ACC), proto-vaterite (pv-ACC),® and possibly proto-ara-
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gonite (pa-ACC), which has not yet been obtained; Figure 5).
On the one hand, the origin of distinct short-range structures
may also be based on prenucleation clusters and DOLLOP, as
outlined in Sections 3 and 4, in the biogenic case. On the other
hand, structural characterizations by means of EXAFS show
that biogenic species of ACC can have coordination numbers
commensurate with crystalline species,” as opposed to the
low coordination of N=2 in the synthetic protostructured
ACCs.®! While comparably low coordination numbers can
also be found in biogenic ACCs,[® this observation may in the
end relate to the high uncertainty surrounding the determi-
nation of reliable coordination numbers by means of
EXAFS.PY Calcium-oxygen distances derived from EXAFS
may also be used as a diagnostic test for different structures,
because of their higher accuracy compared to the coordina-
tion numbers obtained from this technique. However, addi-
tional experimental characterization is required. Different
techniques may provide contradictory evidence, as in the case
of ACC in the sternal deposits of Porcellio scaber,® because
of small differences that may lie within experimental error.
While this underlines that different techniques should be
combined for structural characterizations of ACC, an alter-
native explanation could be that bio(macro)molecules incor-
porated in biogenic phases of ACC could stabilize amorphous
states that are already much closer to crystalline states, but
which have originated from less-ordered, although proto-
structured, ACCs with lower coordination numbers. This
could also be true for distinctly structured ACCs obtained by
utilizing different additives in vitro.[%’)

Additive-containing ACCs that do not relate to crystalline
polymorphs can be synthesized in vitro, notably the polymer-
induced-liquid precursors (PILP)?**? and liquid ACC,™
which may also be stabilized in the absence of additives if
the contact with an extrinsic surface, and thereby heteroge-
neous nucleation, is reduced through levitation in droplets.”
These phases differ from the ACCs discussed above as they
are regarded as liquid forms of calcium carbonate—that can
even form micrometer-sized droplets—rather than solid
particles. Structural details of these phases, however, remain
unknown, while the results of Wolf et al.’**! imply that small
amounts of certain polymers stabilize, rather than “induce”,
this liquid intermediate, which is believed to form first upon
nucleation through a liquid/liquid phase separation. Thus,
these phases represent a precursor to the solid forms of ACCs
discussed above, and they can not be strictly considered
polyamorphs of calcium carbonate. Recent results indicate
that a neutral pH value with a dominating fraction of
bicarbonate ions is essential when it comes to observing
liquid forms of calcium carbonate in the absence of poly-
mers."”!

Last but not least, additive-free ACC that does not
resemble any crystalline polymorph can be obtained from
high levels of supersaturation (denoted as “unstructured” in
Figure 5),°7 and stabilized without the help of additives. It
may be speculated that, indeed, the high degree of structural
disorder of this metastable phase leads to an intrinsic kinetic
stabilization against crystallization.

Another open question related with ACC and carbonate
crystallization is to understand the effect of the presence of
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Mg®" ions on the formation of calcium carbonates and
dolomites. Natural dolomite (calcium-magnesium carbonate)
was formed at low temperature, but it is not yet possible to
synthesize it in the laboratory at low temperature. Dove and
co-workers suggest that alternative crystallization pathways
from amorphous precursors may explain the occurrence of
dolomites, "l although the definitive formation mechanism
of dolomite deposits still largely remains a conundrum; taking
all of the above into account, it can be speculated that
dolomites may have a biomineral origin. This amorphous
calcium-magnesium carbonate can be stabilized by the
presence of inorganic or organic additives that can also
modulate the formation of different polyamorphs. The
presence of Mg®" ions can favor environments with high
water content, or cations with a low coordination number!”
can stabilize some atomic arrangements that can be consid-
ered as amorphous phases. An understanding of the role of
amorphous carbonate in dolomite formation could change
previous interpretations of the origin of many dolomites.”® Tt
is known that the presence of Mg®" ions induces the formation
of aragonite without incorporation of the Mg®" ions in the
crystal lattice. The Mg®" ions probably favor the proto-
aragonite ACC phase.”! We should also not forget the
presence of organic molecules during the biomineralization
process; these organic additives can have carboxylate func-
tional groups that can modulate the biogenic ACC to form
a specific amorphous phase (see above). This organic matter
with carboxylate groups can facilitate the ordering of the
ACC atoms to nucleate a specific polymorph of crystalline
carbonate. This effect can be combined also with that of Mg**
ions, thereby leading to a change in the amorphous precursor
phase or the nucleation of the crystalline form.

Polyamorphism has been reported for titania (TiO,) when
either nanoparticulate anatase™!"! or nanoribbons of TiO,-
B[ are amorphized under pressure. Although the nature of
the polyamorphism is far from clear in this case, it is apparent
that a critical dimension on the nanoscale is important for this
phenomenon to be observed. Given that calcium carbonate is
proposed to form by agglomeration of nanoparticles of ACC,
it remains an open question as to whether the presence of
alength scale in the nanometer regime may more generally be
important for polyamorphism.

Perhaps it is not surprising that determining structural
models for polyamorphic calcium carbonate is challenging
when the details of the structure for even the crystalline
(Figure 5, inset), but disordered, phase vaterite are still open
to debate. Although it is widely accepted that vaterite has on
average hexagonal symmetry, the arrangement of the car-
bonate groups within the structure is still a matter for
discussion. While the carbonates are often believed to be
disordered by rotation about the c-axis of the hexagonal cell,
recent ab initio calculations!"™ have indicated that most of
the existing ordered structure models are dynamically unsta-
ble and that the carbonate groups also undergo subtle
rotations about axes that also lie in the ab plane. This
demonstrates that, even for vaterite, there are two mecha-
nisms for disorder with different length scales, thereby
supporting the hypothesis that underpins models of poly-
amorphism. Indeed, in this case there may be several minima

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. H. E. Cartwright, D. Gebauer et al.

within multiple basins on the potential energy hypersurface
on an extended length scale, rather than simply a double well.
For ACC, the situation for carbonates is further compounded
by disordering of all the species, thereby leading to the
possibility of even more distinct structural length scales for
this material.

Our hope is that this Review will contribute to bringing
together research being carried out into biogenic and
synthetic ACC polyamorphism, so that a future review will
be able to display a graphic such as Figure 1 for calcium
carbonate. Understanding calcium carbonate polyamorphism
from these different perspectives will contribute to compre-
hending the generalized crystallography of structures beyond
crystals at the intersection between crystallography, materials
science, and biology."*!
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