Angewandte

8354

Communications

Polyamorphism

DOI: 10.1002/anie.201302974

Pressure-Induced Polyamorphism and Formation of ‘Aragonitic’

Amorphous Calcium Carbonate**

Alejandro Fernandez-Martinez,* Bora Kalkan, Simon M. Clark, and Glenn A. Waychunas

Amorphous calcium carbonate (ACC) is a precursor to the
crystalline phases of CaCO;, commonly found in the earliest
stages of biomineral development and as one of the meta-
stable states formed during the inorganic precipitation of
calcium carbonate crystalline polymorphs.!! Its isotropic and
hydrous moldable character allows many organisms to form
very complex conformations of their shells or skeletons by
taking advantage of these unique properties.’! At least two
different phases of biogenic ACC have been described to
date: a highly hydrated phase with one water molecule per
CaCO; unit, and an anhydrous phase that forms as a transient
phase prior to crystallization to vaterite or calcite.*
Recently, the existence of polyamorphism (the existence of
a substance in different amorphous modifications, akin to
polymorphism in crystalline materials) in synthetic hydrated
ACC has been suggested based mainly on X-ray absorption
spectroscopy (XAS) and nuclear magnetic resonance (NMR)
data that show different local structures of ACC precipitated
from solutions at different pH values: calcite-like ACC is
obtained at pH~8.75 and vaterite-like ACC precipitates
from solutions of pH ~ 9.8 and higher.>®! In addition to these
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two amorphous polymorphs, other studies have shown hints
of aragonite local order in ACC from shells of freshwater
snails, based on XAS data that show Ca-O coordination
numbers of approximately 9, the theoretical value of aragon-
ite.”¥ These results were reproduced in synthetic samples of
ACC doped with Mg**, suggesting a role of this cation in the
selection of the ACC amorphous polymorph.”

Herein we show the existence of pressure-induced polya-
morphism in hydrated ACC, and the formation of “arago-
nitic” ACC upon a decrease of the molar volume. This result
suggests a possible mechanism by which Mg?*'—a cation with
smaller ionic radius than Ca*'—modifies the local order of
ACC to an aragonite-like order by contributing to decrease
the molar volume of the amorphous phase. In addition, we
report the first values of the bulk modulus and the density of
ACC.

Experimental structure factors obtained from high-pres-
sure X-ray diffraction experiments and fits to the experimen-
tal data using Reverse-Monte Carlo (RMC) modeling are
shown in Figure 1a. The structure factors show the typical
broad oscillations of an amorphous solid, with no apparent
sign of crystallization within the range of pressures studied.
Pressure-induced structural changes can be identified in the
diffraction data by looking at the salient feature of the S(Q)
function at 11.9 GPa (see small arrow in Figure 1a), and by
plotting the position of the main diffraction peak at Q
~3.3 A! as a function of pressure (Figure 1b). A step-like
transition is observed that can be fitted with a sigmoidal
function centered at P,=9.8 +0.8 GPa. Similar behavior is
observed in high-pressure Raman data (Figure 2; see raw data
in Figure S7 and S8). At ambient pressure four peaks are
observed: a single peak at 1081 cm™' corresponding to the v,
symmetric stretching mode of the carbonate C—O bond, two
peaks at 756 and 694 cm ™! that correspond to the v, in-plane
bending of the carbonate molecule and a single broad peak at
approximately 270 cm™ .1 This peak, corresponds to lattice
modes, which include water and carbonate librations and
translations (see a discussion about this mode in section S6 of
the Supporting Information). When the pressure is increased,
the stretching mode shifts linearly to higher wavenumbers,
showing a change of slope at approximately 10 GPa. The
compressibility of the wv; band for aragonite is
2.0(1)em™'GPa! and for calcite is 3.0(3) cm™'GPa .l
The ACC v, band has a compressibility of 4.3 cm 'GPa™"
which is softer than either of the crystalline phases. The two v,
modes show different behaviors: the mode at 756 cm™' stays
constant except for a ‘bump’ between approximately 5 and
10 GPa, where it undergoes a stiffening followed by a soften-
ing, a behavior seen at the onset of phase transitions in other
crystalline carbonates.'” The mode at 694 cm™ shifts to
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Figure 1. High-pressure X-ray scattering data. a) Experimental (black
open circles) and modeled (lines) structure factors. The vertical arrow
at the left indicates the time progression of the data as they were
collected. The little arrow indicates a new feature in the structure
factor appearing at 11.9 GPa. b) Plot of the position of the main
diffraction peak (shown in gray in the top graph). Open circles indicate
the position during compression, and black squares during decom-
pression. A sigmoidal fit to the compression data is shown, with
center (vertical dotted line) at P,.=9.8 0.8 GPa.

higher wavenumbers, merging with the first v, mode at
approximately 10 GPa. For further increased pressures, only
a single degenerate mode is observed. The intensity of the
mode at approximately 270 cm™' decreases with pressure,
disappearing at a pressure of approximately 5 GPa, and
reappearing upon decompression. The Ca—OH, stretching
mode is usually visible in this region of the spectra; a plausible
hypothesis is therefore that the disappearance of the peak is
due to a change in the short-range order around the Ca ions at
this pressure. These observations are indicative of a polya-
morphic transition occurring at approximately 10 GPa. It is
also interesting to see that the three modes at 1081, 756, and
694 cm™' soften at low pressures. This effect has been
observed in other systems, and has been interpreted as
a loss of physisorbed surface water.['*! Interestingly, the whole
transition and the surface dehydration process are reversible
upon decompression of the material (see Figure 2).

The RMC analysis allows us to examine changes in the
atomic pair correlations in detail, provided that the weight
factor of the correlation of interest is high relative to other
correlations in the structure (see sections S1.6 and S2 of the
Supporting Information for a detailed explanation) as is the
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Figure 2. High-pressure Raman spectroscopy. The effect of pressure
on the CO,*~ symmetric stretching (v,) mode (top) and on the CO,*~
in plane bending (v,) mode (bottom) in ACC. Closed circles denote
data collected while increasing pressure and open triangles represent
data collected while decreasing pressure.

case for the Ca—Ca correlation in ACC. Figure 3a shows
changes in the Ca—Ca partial pair distribution function
(pPDF)—which is characteristic of the different CaCOj;
polymorphs—during compression up to 20.6 GPa and
during decompression down to 0.3 GPa. At ambient pressure,
a single broad correlation centered at approximately 4 A is
observed that splits into two different distances (ca. 3.95 A
and ca. 4.60 A) as pressure is increased. Figure 3b shows
a comparison between the ambient pressure Ca—Ca pPDF of
ACC and those of the crystalline polymorphs, highlighting the
good agreement with the pPDF of vaterite (red bold line in
Figure 3; see a discussion about the ambient pressure
structure of ACC in section S2 of the Supporting Informa-
tion). The Ca—Ca pPDF of ACC at 11.9 GPa is shown in
Figure 3¢ and compared to that of the three crystalline
polymorphs at ambient pressure. The positions of the two first
peaks are in good agreement with the Ca—Ca inter-atomic
distances of aragonite (blue bold line). Also, the center of the
broad Ca—Ca correlation at approximately 5.80 A of ACC
coincides with the center of the two peaks observed for
aragonite. This result suggests that, at high pressures, the Ca
atoms adopt a local-order configuration similar to that of
aragonite, while keeping the amorphous character of the
structure. The evolution of the coordination numbers under
pressure confirms this result. At ambient pressure, 4.8 Ca**
are found on average in the first shell, a number significantly
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Our X-ray scattering data, Raman data, and
density measurements indicate the presence of
an amorphous-to-amorphous phase transition
in ACC at a critical pressure of about 10 GPa.
RMC modeling of the structure of ACC con-
strained by our X-ray scattering data shows
that, at high pressures, ACC forms a more
compact phase with a local order compatible
with a disordered aragonite or “aragonitic-
ACC” (see section S4 of the Supporting Infor-
mation for a description of the Ca-CO; com-
plexes characteristic of the aragonite crystal
structure). Not surprising is the fact that
a similar transformation occurs in crystalline
CaCQO;, where aragonite is the most stable
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polymorph at pressures higher than approxi-
mately 1.5 GPa (aragonite formation is hin-
dered kinetically if calcite is compressed at
room temperature due to the formation of
calcite-I and calcite-II, but these two metasta-
ble phases transform readily to aragonite upon
annealing).'**! In contrast to the crystalline
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Figure 3. Evolution of the Ca—Ca correlation with pressure from reverse Monte-Carlo
modeling. a) A single broad peak is observed at ambient pressure that splits into two
different distances (red and blue) at high pressures. Pressure labels starting with “d”
indicate data taken during decompression. b) Plot of the ACC Ca—Ca pPDF at ambient
pressure, together with the pPDFs of calcite, aragonite, and vaterite at ambient
pressure. c) Plot of the ACC Ca—Ca pPDF at 11.9 GPa, together with the pPDFs of
calcite, aragonite and vaterite at ambient pressure. Note that the range of the x-axis is

different in (a) and (b) and (c).

lower than the average of 6 found in calcite and in vaterite,
but within the statistical distribution of values obtained from
the RMC models.

This value increases to 10.2 at 20.6 GPa. This result is
consistent with the formation of a local environment close to
that of aragonite, which has 12 Ca*" neighbors around each
Ca’". The Ca—O coordination number shows a similar
behavior, increasing from 6.5 to 8.2, which is close to the
theoretical value of 9 for aragonite (a detailed description of
the coordination number analysis is provided in section S5 of
the Supporting Information).

The evolution of the molar volume measured using X-ray
absorption is shown in Figure S11, together with a fit of
a Birch-Murnaghan equation of state. From the fit a value for
the bulk modulus of ACC of K compression = 27-2 = 1.4 GPa has
been obtained, which is significantly lower than that of the
crystalline polymorphs (ranging from 67 to 72 GPa). A fit to
the molar volume data during decompression yields a slightly
different value of K. gecompression = 32.4 & 0.6 GPa, indicating
a small hysteresis. No appreciable difference has been found
between the values of the zero-pressure molar volume for the
low-pressure and high-pressure phases (see a detailed analysis
of the molar volume data in section S3 of the Supporting
Information). The value obtained for the zero pressure

density is py.acc =2.18 gem ™.
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system, the transition of ACC to aragonitic-
ACC is observed at a higher pressure (ca.
10 GPa), and it is at least partially reversible, as
indicated by the increased compressibility
during decompression. This last point suggests
an active role of water as a structural element of
ACC, controlling its elastic properties (see
further discussion in section S6 of the Support-
ing Information).

From a fundamental perspective, the
observed structural transition is a good example
of pressure-induced polyamorphism, a phenom-
enon that has been reported to occur in materials, such as
amorphous ice,'*!”) amorphous phosphorous!" or silica™!
(see Ref. [20] for a Review). These transitions are expected
to occur in systems whose constituents can adopt different
coordination environments, with the proportion of each of
them varying as a function of the pressure or temperature.
This is the central idea of the “two-phase model”, that was
used by Rapoport?! to explain the unusual presence of
maxima in melting curves or the negative initial slope of P-T
melting curves observed in some systems, and has since been
used to predict polyamorphism. The crystalline phases of
CaCO; are a good example of polymorphism based on
different coordination environments. To our knowledge, this
is the first example of direct observation of an amorphous—
amorphous phase transition in a solid ionic system. Interest-
ingly, other solid ionic crystalline phases, such as hydroxya-
patite and gypsum, have been reported to form via hydrated
amorphous precursors,”**! and hydrated amorphous phases
with compositions similar to those of other crystalline
carbonates siderite (FeCO;), magnesite (MgCO;), and dolo-
mite (MgCa(CO;),) have been discovered recently.?*>
Given the existence of multiple crystalline polymorphs for
some of these (such as the diversity of hydrated magnesium
carbonates phases, reflecting multiple potential minima in
their potential energy surfaces), it seems logical to expect that
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polyamorphism could occur, provided that the range of
metastability of these amorphous phases extends to high
pressures.

The observation that ACC adopts an aragonite-like local
order when confined in a lower molar volume gives some
hints about possible formation mechanisms of an amorphous
precursor for aragonite. The poisoning of calcite growth in
aqueous solutions enriched in Mg>" or in sea water, and the
subsequent precipitation of aragonite—whose growth does
not seem to be affected by the presence of Mg?>*—have been
widely documented.*** Nonetheless, it is possible that Mg**
has an effect other than as calcite growth inhibitor, exerting
a direct control over the local structure of Mg**-rich ACC.
Actually, relatively high concentrations of Mg*" in solution
were used in the only study that reports a synthetic ACC
phase with aragonite local order around Ca** (local order was
described using Ca’" K-edge X-ray absorption spectrosco-
py).”) The shorter Mg?* ionic radius with respect to Ca’*
seems to be inducing a lower molar volume of the amorphous
precursor—the same way as magnesian calcites have molar
volumes lower than calcite—favoring an aragonite-like envi-
ronment such as that observed in this study at high
pressures.”>!l More research is needed to ascertain the role
of Mg”*" in controlling ACC polyamorphism.

Experimental Section

Briefly, amorphous calcium carbonate samples were prepared
following the method reported by Koga et al.,’? mixing 100 mL of
CaCl, (0.02M) with 100 mL of a solution containing Na,CO; (0.02m)
and NaOH (0.2m), and quickly drying under vacuum. High pressure
X-ray diffraction and absorption experiments were performed using
an asymmetric diamond anvil cell at beamline 12.2.2 of the Advanced
Light Source.’ The evolution of the density under pressure was
determined using the method of Shen et al.**** Reverse-Monte Carlo
analysis of the scattering data was performed using the code
RMCProfile.® Raman data were collected at a range of pressures
from ambient to about 21.5 GPa using the microRaman system
located at sector 6 of the Advanced Photon Source operated by GSE-
CARS. A detailed Experimental Section is given in section S1 of the
Supporting Information.
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