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Abstract: Temperature and pH value can affect the short-range
order of proto-structured and additive-free amorphous cal-
cium carbonates (ACCs). Whereas a distinct change occurs in
proto-vaterite (pv) ACC above 45°C at pH 9.80, proto-calcite
(pc) ACC (pH 8.75) is unaffected within the investigated range
of temperatures (7-65°C). IR and NMR spectroscopic studies
together with EXAFS analysis showed that the temperature-
induced change is related to the formation of proto-aragonite
(pa) ACC. The data strongly suggest that the binding of water
molecules induces dipole moments across the carbonate ions in
pa-ACC as in aragonite, where the dipole moments are due to
the symmetry of the crystal structure. Altogether, a (pseu-
do-)phase diagram of the CaCO; polyamorphism in which
water plays a key role can be formulated based on variables of
state, such as the temperature, and solution parameters, such as
the pH value.

Amorphous calcium carbonate (ACC) plays an important
role as an intermediate in CaCOj; biomineralization process-
es/! and can be used as the inorganic component in
biocompatible hybrids.”! Investigations of the structures of
both biogenic and synthetic ACCs and their correlation with
thermodynamic stability and polymorph selection in crystal-
lization and biomineralization have recently received signifi-
cant attention.’! Water can be a structural constituent of
ACC, and plays a pivotal role for its kinetic and thermody-
namic stability.) Accordingly, associated water molecules can
govern the transformation of ACCs into crystalline phases;®
however, their role in the proposed ACC (pseudo-)poly-
amorphism remains unclear."” While the water content of
ACC can vary,>® there are indications for a prevalence of
stoichiometric CaCO;-H,O."* 7l High pressures can lead to
short-range aragonite-like structures,® and in aqueous sys-
tems, the formation of proto-calcite (pc) and proto-vaterite
(pv) ACC can be controlled by adjusting the pH value.")
Finally, the formation of ACC under aqueous conditions via
prenucleation clusters and nanoscopic liquid-liquid demixing
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indeed points to the importance of water for the precursors
and intermediates of CaCQ,.**"!

Herein, we investigated the effect of temperature on the
structure and composition of ACC at two pH levels, namely
pH 8.75 and 9.80, owing to their relevance for the formation
of pc- and pv-ACC, respectively. Our data strongly suggest
that structural water is fundamental to the formation of proto-
aragonite (pa) ACC above 50°C at pH 9.80.

Aragonite is preferably formed at elevated tempera-
tures,'”! although this phase becomes thermodynamically
stable at much higher temperatures than those that are
typically accessible by aqueous routes at ambient pressures.!'!!
The robust formation of pure-phase aragonite under kinetic
control occurs at both investigated pH levels above approx-
imately 45 °C (Section S3-1 and Figures S1-S3 in the Support-
ing Information). To elucidate the potential role of ACC
proto structures in this context, pc- and pv-ACC (at pH 8.75
and 9.80, respectively) were synthesized at 7°C and at
temperatures between 25°C and 65°C with increments of
10°C by using an ethanol quench. The obtained ACC phases
consist of spherical nanoparticles with diameters of 15-20 nm
(Figure 1a for pH 9.80 and 65°C). Neither the temperature
nor the pH value strongly affect their size (Figure S4). The
selected area electron diffraction (SAED) patterns of all
samples display diffuse rings, underpinning their amorphous
character (insets in Figure 1a and Figure S4). Interestingly,
a distinct change occurred in pv-ACC at temperatures of
45°C and 55°C (Figure 1b), which is prominent in the
carbonate v, IR spectral region. This effect arguably suddenly
occurs between 45-50°C (Figure S5). Notably, as opposed to
calcite and vaterite, the carbonate v, vibrational mode is IR-
allowed in the anhydrous polymorph aragonite because of its
symmetry (space group Pmcn; point group 2/m2/m?2/m),
causing a dipole moment within the plane of the flat and
triangular carbonate ions. The increase in intensity in the
carbonate v; spectral region is thus in agreement with pa-
ACC. The very broad band suggests that structural water
plays a role in causing this effect. However, the absence of any
temperature-induced transition in pc-ACC at pH 8.75 also
indicates that the carbonate environments present in pv-ACC
are essential for the formation of pa-ACC (Section S3-2,
Figures S5 and S6, and Table S1). In fact, pa-ACC yields
aragonite in a solid-state transformation upon heating to
500°C, or by slow crystallization in aqueous ethanolic
environments at room temperature, whereas this is not the
case for pv-ACC (Section S3-3 and Figures S7-S13). Thus pa-
ACC likely is the intermediate relevant for aragonite
formation, which was successfully isolated and transferred
into the solid state.

Thermogravimetric analysis (TGA) indicates that calcium
hydroxide co-precipitated alongside ACC in all experiments.
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Figure 1. a) TEM image and SAED pattern (inset) of pa-ACC synthe-
sized at 65°C and pH 9.80. The SAED pattern is shown as the negative
to make weak features clearer. Scale bars: 100 nm and 2 nm™' for
TEM and SAED, respectively. b) ATR/FTIR spectra of ACCs at different
temperatures (pH 9.80); the spectra are shown staggered for the sake
of clarity.

This side product is formed by the quench in ethanol rather
than being an actual solution species (Section S3-4, Figur-
es S15-S17, and Table S3). Consistently, IR and solid-state
NMR spectroscopic data (Section S3-4) suggest that the
calcium hydroxide constitutes a distinct phase. Owing to the
higher temperatures that are used for quenching pa-ACC
(pH 9.80, >50°C), the hydroxide content reaches approx-
imately (40 +5) wt % (Table S3). Nevertheless, the formation
of crystalline Ca(OH), was not apparent from the ATR/FTIR
spectra, as there was no sharp band at 3643 cm™' (Fig-
ure S5).1"”! Closer inspection of the IR spectra (Figure 1b; see
also Figure S5 and Table S2) furthermore reveals that the
carbonate v, band of pv-ACC is superimposed on the broad
feature assigned to pa-ACC. Taken together, these findings
show that the sample contains at least three distinct environ-
ments, namely 1) pv-ACC, 2) pa-ACC, and 3) (amorphous)
calcium hydroxide.

www.angewandte.org

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

As opposed to pc- and pv-ACC (see Ref.[3a] and
Figure S18), the *C magic angle spinning (MAS) NMR
spectrum of the sample containing pa-ACC showed clear
deviations from a single Gaussian line (Figure 2a; signal-to-
noise ratio (S/N) ~20). The S/N ratio could not be improved
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Figure 2. "*C magic-angle-spinning NMR spectra of the sample con-
taining pa-ACC (pH 9.80, 65°C). Vertical dotted lines are a guide for
the eye. a) Spectrum recorded by single pulses (bold black trace).

b) Deconvolution of the spectrum into three Gaussians (thin black
lines). The dashed gray line represents the sum of the respective
Gaussians to illustrate the agreement of the deconvolution with the
experimental data. Please see the main text for a discussion of the
robustness of the deconvolution.

significantly by any reasonable experimental effort (Sec-
tions S1-1 and S2-4), precluding the acquisition of reliable
"H—"C cross-polarization spectra (data not shown), or even
heteronuclear correlation experiments. Although the S/N
ratio is satisfactory for quantitative analysis,"* the overlap of
distinct resonances at the given peak widths does impair the
robustness of any deconvolution. Given the results obtained
by IR spectroscopy and TGA, deconvolution is justifiable
even though the as-obtained quantitative information will be
associated with distinct errors. The NMR spectrum can be
deconvoluted into three Gaussian-shaped spectral contribu-
tions, whereas the maximum of the dominating resonance is
located at 6 =169.1 ppm (Figure 2b). This corresponds to
a pv-ACC environment (Tables S1 and S4), identified inde-
pendently through the superimposed band in the IR spectrum
(see above). A second resonance is centered at d = 170.6 ppm,
which is consistent with an aragonite-like proto structure (the
single resonance of aragonite is found at 6=170.5 ppm;
Table S1), in accordance with the IR spectroscopy results. The
relative abundance of these distinct environments is approx-
imately 1:2 (Table S4), that is, a larger amount of pv-ACC
coexists with pa-ACC in this sample. A third chemical
environment is characterized by a Gaussian spectral contri-
bution centered at 6 = 167.6 ppm. This is in agreement with an
ACC form that contains hydroxide™ (or ikaite, although the
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occurrence of ikaite-like environments at high temperatures
is unexpected; see Table S1). Considering the S/N ratio, this
minor spectral contribution may also be due to a misinter-
pretation of noise. In any case, hydroxides lead to the
effective shielding of neighboring carbonates because of
their additional charge (6 = 167.6 ppm),** suggesting that the
hydroxide content in the pa-ACC environment, which is the
most deshielded one, is not significant (6 =170.6 ppm; Fig-
ure 2b).

Analysis of the Fourier-transformed Ca K-edge extended
X-ray absorption fine structure (EXAFS; Section S2-5, Fig-
ure S19, and Table S5) yields a value of 2.41 A for the first
shell distance (Ca—O), which is higher than those for pc-ACC
(236 A) and pv-ACC (2.39 A). A corresponding trend was
found for calcite (2.34 A), vaterite (2.37 A), and aragonite
(2.47 A). Taking into account that the Ca—O distance of the
sample is a weighted average of short-range-ordered struc-
tures of approximately 30% pa-ACC and 60% pv-ACC
(based on NMR analysis; see Table S4), the Ca-O distance in
pa-ACC is the longest of all proto-structured ACCs. Fur-
thermore, the average EXAFS-derived Ca-O coordination
number of 3.7+1.1 for the sample containing pa-ACC is
somewhat larger than for pv- and pc-ACC (ca. 2), but still
lower than for calcite and vaterite (6) as well as aragonite (9;
Table S5).

In conclusion, pa-ACC is formed at pH 9.80 above 45°C.
Global rationalization of our results is possible considering
structural water molecules associated with carbonate ions.
These water molecules can induce dipole moments across the
carbonate ions, leading to the effect observed in the IR
spectra. Second, this dipole moment can displace electrons
from the central carbon atom, leading to the deshielded
environment of pa-ACC as observed by NMR spectroscopy.
Third, binding between water and carbonate can explain the
increase in the average Ca-O distances determined by
EXAFS, which may be accompanied by a somewhat closer
packing (as in aragonite). The confirmation of this collection
of indirect evidence was possible by a closer inspection of the
IR spectra for the temperature-induced crystallization of pa-
ACC in comparison to pv-ACC (Section S3-3 and Figures S7
and S9): The IR spectral features of water remain significantly
more prominent in pa-ACC with increasing temperature than
in pv-ACC, and it remains a structural constituent up to
400°C. The broad and strong carbonate v, band only
disappears with the remaining water upon complete crystal-
lization at 500°C.

Aragonite is formed at both pH values above approx-
imately 45 °C, whereas a significant amount of pa-ACC can be
found only at pH9.80. It could be speculated that low
amounts of pa-ACC are present at both pH values, which
grow faster because of the directing role of dipole—dipole
interactions in aggregation-based pathways,®! thereby facil-
itating robust kinetic aragonite formation. In additive-con-
trolled scenarios, organic-inorganic interactions could lead to
similar effects that may be relevant to selective aragonite
formation in biomineralization.
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Experimental Section

For details, see the Supporting Information, Sections S1 and S2. In
brief, calcium chloride solutions were added to carbonate buffers of
pH 8.75 and pH 9.80 at different temperatures, while the pH was
maintained at a constant level by automatic titration. Before
nucleation, the CaCOj; precursors were quenched with an excess of
ethanol, then washed, and isolated.
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