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Recently, the results of experimental and theoretical
investigations have revealed that, in vaterite, two or even
more crystalline structures coexist. In this communication we
report evidence of diverse vaterite structures in biogenic
samples of different origin. In addition, it is shown that the
synthetic vaterite precipitated in the presence of poly-L-
aspartate, holds structures similar to those of biogenic
samples.

Calcium carbonates occur widely in nature, having an
important role in many biological functions and processes in
living organisms."** In addition, they are the major minerals
in many sedimentological environments. Calcium carbonates
are also valuable in many industrial applications, such as
paper, rubber, plastics, and paint production.*>’

At ambient conditions of temperature and pressure, calcium
carbonates appear in the form of three polymorphs and several
hydrated phases. Of these, vaterite is thermodynamically
unstable with respect to the other anhydrous crystalline
polymorphs, aragonite and calcite, which explains its rare
appearance as a mineral in geological settings. At the same
time, during the early stages of conventional precipitation
systems, vaterite formation was observed and explained by
Ostwald's rule of stages.® It postulated the initial formation of
a thermodynamically less stable (more soluble) modification,
in a system supersaturated with respect to several solid
phases, and its subsequent transformation into a stable phase.
On the other hand, vaterite is stable with respect to hydrated
modifications and amorphous calcium carbonates (ACCs),’ so
it plays an important role as a precursor in several carbonate-
forming processes.'” However, the natural occurrence of
vaterite is usually associated with biogenic activities. In the
case of pathological mineralization, vaterite appears
pancreatic and gallstone formation or clogging in human heart
valves."" As a biomineral, vaterite is present in fish
otoliths,'" crustacean statoliths,'* green turtle eggshells,'
freshwater lackluster pearls,'® aberrant growth of mollusk

shells after an injury,'” or spicules of the ascidian Herdmania
18

in

momus.
Preparation of synthetic vaterite has been extensively
investigated and described, either in the precipitation systems
without the addition of the additive,' or at additive assisted®
or template-directed** conditions.

One of the most striking features of vaterite is the wide
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variety of shapes and morphologies it can hold,'® which is
related to its high surface energy.” On the other hand,
researchers not yet succeeded in producing single crystals of
vaterite of suitable quality for an accurate structure
determination by X-ray diffraction. Consequently, the crystal
structure of vaterite has been controversial and not well
understood. Only recently, Kabalah-Amitai et al.,* used high-
resolution,  aberration-corrected  transmission  electron
microscope (HR-TEM) and found that in a “single crystal” of
vaterite, isolated from the biogenic spicules of H. momus, a
predominantly hexagonal structure coexists with one, or even
more, distinct crystallographic structures.

At the same time, Demichelis et al.?> proposed theoretically
the existence of several stable vaterite structures, which
required just room-temperature thermal energy for their inter-
conversions. The authors also concluded that the vaterite is
not a single “disordered” structure, but it should be considered
as a combination of different forms. The possible presence of
biological molecules was not considered in the described
studies and their potential effect on the structure inter-
conversions was not discussed, in spite of the fact that
biological macromolecules have a demonstrated role in the
stabilization of vaterite. Specifically, it was observed that the
biogenic vaterite is stable in water solution for months, while
under similar conditions, synthetic samples rapidly convert to
calcite.”**® Consequently, the possibility that the control of
the distribution of vaterite structures is species specific and
caused by particular macromolecules cannot be excluded.
Although recent studies contributed to the understanding of
the vaterite structure’*?* and explained discrepancies among
experimental and theoretical data, the question of the role of
organisms in the formation of species specific vaterite
structures remained open.

In this study the structural features of synthetic and biogenic
vaterite samples were compared (Fig. 1). More specifically,
the biogenic vaterite samples were isolated from the asteriscus
otolith from the Condrostoma nasus, the Chinese freshwater
cultured lackluster pearl (from Hyriopsis Cumingii mussels)
and the spicule of the ascidian H. momus. Synthetic vaterite
samples were precipitated by mixing solutions of CaCl, and
Na,COs/ NaHCO; at lower initial concentrations, c¢;(Ca) =
¢i(CO;) = 1.0 mM (vatl), and at higher initial concentrations,
ci(Ca) = ¢,(CO3) = 2.5 mM (vat2). In the system of higher
concentrations, the supersaturation was, S,,; = 6.36, while in
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the lower concentration system, S, = 3.71 19,20

Synthetic vaterite samples were also prepared in the presence
of poly-L-aspartate (pAsp) dissolved in the carbonate
solution, applying a similar protocol and keeping the

s Ca®'/pAsp molar ratio constant. The pAsp concentrations, ¢ =
1.25 ppm (vatl-pAsp) or ¢ = 3.00 ppm (vat2-pAsp), were used
in the 1.0 mM or 2.5 mM systems, respectively. This
polypeptide was used as a synthetic analogue of the intra-
skeletal acidic macromolecules of biogenic vaterite.'?

10 The X-ray diffraction analyses showed the presence of
vaterite as a unique crystalline phase in all biogenic samples
while, in the synthetic samples, traces of calcite were detected
(Fig. S1).

The differences between the particle shapes and morphologies

15 of synthetic and biogenic vaterite were significant, as shown
in Fig. 1.

Fig. 1 Scanning electron microscope pictures of: (A) vatl; (B) vat2; (C)
vatl-pAsp; (D) vat2-pAsp; (E) H. momus spicule; (F) C. nasus asteriscus
20 otolith; (G) lackluster pearl.

The synthetic vaterite appeared predominantly as spherical
structures, built up of hexagonal plate-like aggregates. The
shape and morphology of the vatl-pAsp particles were similar
to those of pure synthetic vaterite, while the surfaces of the
25 vat2-pAsp particles appeared much smoother. The shapes of
the biogenic vaterite samples, as well as the respective
primary building blocks, were found to be species specific.
The ascidian spicule was built up from acicular prisms,
asteriscus otolith from prisms and the primary building blocks
30 of lackluster pearl were tablets.

The initial indication of structural diversities among the
samples was gained by the grinding curves (Fig. 2). The
curves were obtained by repeated grinding of the sample and
plotting the intensity of the v, band (normalized with respect

3sto vy band) against the normalized v, band, after each
grinding. For each sample, a curve with a well-defined trend
line was obtained. The offsets between curves reflected the
differences in short range atomic disorder.’”*® The results
indicated that the grinding curves obtained for biogenic

40 vaterite samples were localized in the same region of the
graph, thus pointing to a similar atomic order. The samples of
pure synthetic vaterite showed curves localized far from the
biogenic ones. However, the curves of synthetic vatl-pAsp
and vat2-pAsp samples were localized in the graph region

ss between the curves of the pure synthetic and the biogenic
vaterite, with the latter closer to the biogenic and the former
to the pure synthetic ones.
The different number of peaks in the v; band of the FTIR
spectra of vaterite samples offered additional information on

so their structure® (Fig. 3). The synthetic vaterite samples
showed a central peak at 1465 cm™' and two weaker side peaks
at 1492 and 1437 cm™'. In H. momus spicule the peak at 1492
em’' was the most intense and an additional peak appeared at
1408 cm™. In C. nasus asteriscus, the most intense vibration
was that at 1437 cm™, while in lackluster pearl those at 1492
and 1465 cm’' were the most intense. Diverse profiles were
also observed in Raman spectra, where the symmetric
stretching vibration (v;) of carbonates revealed a triplet in
some studies and a doublet in others.'”” The split in the
e degenerate v; carbonate stretching mode results from the
modification of the electrostatic environment of the Ca—-O
bond.*® Thus, the observed source specific profile of the v,
band in the vaterite samples is in agreement with a possible
co-existence of diverse crystalline structures,”** which
os depend on various Ca®" coordination geometries. However,
these vibrations could not be assigned to specific structural
domains in vaterite samples.
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70 Fig. 2 Grinding curves of vaterite samples. (#) vatl; (®) vat2; (-) vatl-
pAsp; (—) vat2-pAsp; (m) H. momus spicule; (a) C. nasus asteriscus; (4)
lackluster pearl.

The v; band appeared to be more structured in the biogenic
samples than in the synthetic ones. In addition, it could be

7s observed that the v; band of the vat2-pAsp was more
structured than for the other synthetic vaterites.
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Fig. 3 FTIR spectrum in the range of v; band of: (A) vatl; (B) vat2; (C)
vatl-pAsp; (D) vat2-pAsp; (E) H. momus spicule; (F) C. nasus asteriscus;
(G) lackluster pearl. The full spectra in the range 4000-500 cm™ are
reported in Fig. S2.
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In Fig. 4 the differential scanning calorimetry (DSC) profiles of
vaterite samples were shown, while the results of their analysis
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are summarized in Table S1. It can be seen that only the samples
of pure synthetic vaterite showed a sharp endothermic band
centred at 477 °C, while the other vaterite samples showed
broader endothermic bands. The maximum of vatl-pAsp profile
is at 465 °C with a shoulder at 477 °C, while the vat2-pAsp
profile's maximum is at 463 °C and has a broad shoulder at about
419 °C. Vaterite from spicules and otoliths showed endothermic
band maxima at 420 °C and at 431 °C, respectively. The vaterite
isolated from pearl showed a band with the maximum at about
533 °C, in agreement with the reported data*' In all samples
vaterite converted completely to calcite after the thermal
treatment, at temperatures corresponding to maximum of the
reported endothermic bands (Fig. S3). Therefore, these
temperatures represented the temperature of vaterite to calcite
transition. The observed different metastability of the vaterite
samples has been supposed to be caused by the co-presence of the
organic matrix, polypeptides, foreign ions and/or water
molecules.*” Nevertheless, it the possibility that the different co-
existing crystalline structures contributed to the observed
differences can not been excluded. On the other hand, the
broadening of the endothermic bands could be a result of
additional thermal events, such as (i) the co-presence of small
amounts of amorphous calcium carbonate that converted into the
vaterite®>>* and/or (ii) the transition between vaterite structures
differently stabilized (or destabilized) by the organic matrix.
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Fig. 4 DSC profiles of: (A) vatl; (B) vat2; (C) vatl-pAsp; (D) vat2-pAsp;
(E) H. momus spicule; (F) C. nasus asteriscus otolith; (G) lackluster pearl.

The enthalpy of the transition from vatl or vat2 to calcite was
about 27 J/g, in agreement with previously published data.**
The transition enthalpies of vatl-Asp and vat2-Asp samples were
slightly lower, at about 25 J/g. The broadening of the transition
band of the biogenic samples reduced the precision of the
estimate of the corresponding transition enthalpy. However, the
measured values were found to be similar to other vaterite
samples (Table S1). Indeed, the observed broadening of the band
pointed to a possibility of more than one thermal transition in a
given temperature range.

In conclusion, the obtained results show that vaterite can exist as
structures with different degree of disorders and/or as a
combination of two or more crystalline structures.?*? However,
the obtained results cannot exclude the co-presence of ACCs. The
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differences observed by applying the different techniques (Figs.
2-4) could be related to their varying detection limits for vaterite
structures. Despite this, a higher structural variability was
observed in the biogenic samples than in the synthetic ones. In
the samples of biogenic vaterite, the organic matrix could
(de)stabilize metastable phases, which would be consistent with
proposed concept of stabilization of metastable mineral phase
(e.g. ACCs) by biomineralizing organisms, for functional
purposes.’® The presented data also suggest that the distribution
among different crystalline structures is wider in biogenic that in
synthetic samples. Moreover, it was observed that the presence of
pAsp favored the structural heterogeneity.

Finally, on the basis of the presented experimental data it could
be concluded that the certain organisms are able to control the co-
existence of different crystalline structures of vaterite, thus
enabling optimization for specific functions.
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