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Calcite and aragonite are among the most common minerals
in natural biomaterials.'!’ Almost all organisms control the
type of calcium carbonate polymorph formed, the crystal
morphology, and the ultrastructural organization. During
biogenic calcium carbonate formation in certain species from
several major phyla, a transient disordered phase, called
amorphous calcium carbonate (ACC), is initially produced. It
subsequently transforms into either calcite or aragonite.?
Furthermore, the transient ACC phase assumes the local
order (around calcium ions) of the stable phase into which it
transforms.®* Interestingly, in sea urchin larval spicules, even
when the forming spicule is composed of about 80% ACC,
the amount of H,O is only about 1% by weight."

Infrared (IR) spectroscopy of minerals provides key
information not only on polymorph type, but also on the
extent of atomic order.”®! In calcite, three major IR absorption
peaks are identified: v; (an asymmetric stretch), v,, and v,.
The last two correspond to out-of-plane and in-plane bending
vibrations of the carbonate ions, respectively.”! Beniash
et al.® found that the v,/v, peak intensity ratio of the mineral
forming the larval spicule of the sea urchin Paracentrotus
lividus varies significantly with spicule development. The v,
peak becomes sharper, whereas the v, peak remains essen-
tially constant, and thus the v,/v, intensity ratio decreases
from about 10 to about 3; the latter value is typical of
nonbiogenic calcite. These variations correlate with changes
in the intensity per unit volume of the major X-ray diffraction
peak of calcite.®! These observations were attributed to initial
deposition of ACC that subsequently crystallized into a single
crystal of calcite. Thus, the more crystalline the mineral, the
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lower the v,/v, intensity ratio. Despite the fact that the
deposition of transient ACC is now known to be an important
strategy in biomineralization,”) no explanation for the
dependence of the IR spectrum of calcite on crystalline
order has emerged. Here we provide such an explanation by
computing phonon (lattice vibration) spectra for ideal and
distorted calcite unit cells from first-principles quantum
mechanical calculations using density functional theory
(DFT).10

Irrespective of the computational method, a major
difficulty is the need to model vibrations in an amorphous
material, in which some bond lengths and angles may be
somewhat larger than their equilibrium value, whereas others
may be somewhat shorter. These local distortions nearly
preserve the short-range order, but the lack of register
between adjacent local units destroys long-range order.
However, if v, and v, are due to relatively dispersion free
optical phonons (an assumption confirmed below), they are
insensitive to long-range order. Hence, it is possible to
consider the vibrational spectrum in slightly distorted crys-
talline structures. The experimental IR spectra would then
correspond to an average of vibrational spectra over an
ensemble of locally distorted crystalline structures.

Ideally crystalline calcite was constructed with a rhombo-
hedral unit cell (Figure 1). All structural and vibrational
properties were computed by solving the Kohn-Sham equa-
tions within the local density approximation (LDA)!"! on a
plane-wave basis!"!! by using CASTEPI? In particular,
phonon dispersion curves were computed by using the
recently implemented density functional perturbation
theory formalism.™ Norm-conserving pseudopotentials!'
were used throughout. A k-point grid containing 28 points

Figure 1. Left: Ideal calcite structure showing the rhombohedral angle.
Right: Enlargement of the environment of one O atom showing the
ideal nearest-neighbor Ca—O distance (2.36 A) and O'---O? distance

(3.29 A) for the ideal structure.
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in the irreducible Brillouin zone and a cutoff energy of 73 Ry
were found to be sufficient for convergence.l”] All forces were
relaxed to better than 0.002 eV A",

Force and stress relaxation resulted in theoretical equi-
librium lattice parameter and rhombohedral angle of a=
6.28 A and a =46.9°, respectively, which translates into a =
5.00 A and ¢c=16.74 A for the hexagonal unit-cell represen-
tation. These values are in good agreement with the
experimental values of a=4.99 A and ¢=17.06 A" with
residual error typical of LDA calculations. This validates our
choice of both functional and pseudopotentials as sufficiently
accurate for the present problem. Further validation was
obtained by computing the phonon dispersion curve along the
[111] direction and comparing it to the neutron-scattering
data of Cowley and Pant!'”! (Figure 2). Qualitative agreement
between experiment and theory is found throughout. Quan-
titative agreement is never worse than about 30 cm ™' and is
usually substantially better.
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Figure 2. Comparison between theoretical and experimental phonon
dispersion spectra of ideal calcite along the [111] direction. Solid lines:
DFT calculation. Dashed lines: neutron-scattering data.l'! Symbols
denote actual experimental data points. Theoretical higher energy
phonon spectra that are outside the range of the experimental
dispersion data are given in the Supporting Information.

Significantly, quantitative agreement between theory and
experiment was found for both v, and v, of ideal calcite. In-
plane bending vibrations of the carbonate ions were found
theoretically at 713, 714, and 716 cm ', in excellent agreement
with the experimental #, value of 713 cm™'. Out-of-plane
bending vibrations were found theoretically at 871 and
880 cm™!, in excellent agreement with the experimental 7,
value of 875 cm.*¥! Particularly notable was the absence of
meaningful dispersion for these frequencies (ca. 0 for ¥, and
+5cm™ for #, see the Supporting Information), which
justifies our distorted-cell approach.

Distorted structures were generated by altering the
rhombohedral angle and subsequently allowing all atoms
within the unit cell to relax, creating a strained lattice. We
emphasize that this does not necessarily imply a macroscopic
strain in the real material, because the overall strain averages
to zero in a distribution of locally distorted unit cells, with
distortions occurring in opposite directions. The rhombohe-

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dral angle was changed from its equilibrium value of 46.9° to
values of 44, 45.5, 46.2, 47.7, 48.5, and 50°. Because relaxation
preserved the symmetry of the system, the carbonate groups
remained coplanar. The deformation induced nearly negli-
gible changes in the C—O distance (0.005-0.01 A), but more
sizable variations in the Ca—O (0.05-0.1A) and
O carbonatet)* Olcarbonarez) ~ distances  (0.15-0.3 A)  (Figure 1).
Both the Ca—O and the O'-O? distance were found to
depend linearly on the angle. A summary" of v, and v,
vibrational frequencies (computed only at the Gamma point,
as appropriate for IR spectroscopy) as a function of the
relaxed Ca—O distances is given in Figure 3. For small
deviations, both 7, and 7, depend linearly on the Ca—O and
O'--O? distances, but the change in 7, is clearly much larger
than that of 7, for all tested deformations.

Assuming that an amorphous material is characterized by
a distribution of unit cells with varying distortion, we now
understand why the v,/v, peak intensity ratio is order-
dependent. With decreasing order, variation in the Ca—O
and O'-O? distances is greater. This, in principle, will cause
both the v, and v, peaks to broaden and diminish their peak
heights. However, Figure 3 shows that this effect is much
more pronounced for v,, and hence the v,/v, ratio increases.
This can also be made semiquantitative. Suppose that both
peaks have a natural width o and that the Ca—O (or O'---O?)
distance has a distribution of width o, (d is the Ca—O or
O'--O? distance). Using elementary random variable theory
assuming Gaussian distributions, we readily obtain a v,/v,
peak intensity ratio proportional to
{ (0 +a;0)) /(0> +a,0,), in which a, and a, are the
slopes of the vibration versus Ca—O (or O'0?) distance
curves of Figure 3a and b, respectively. This relation is plotted
in Figure 3 ¢, with =5 cm™' and the proportionality constant
set to 3 to agree with the experimental peak intensity ratio in
the ideal crystalline case (0,=0 A). It shows that peak
intensity ratios vary from 3 for the ideal crystal to 10 for a
highly disordered one. The extent to which this prediction
agrees with experiment is visualized in Figure 4. It shows
several theoretical spectra obtained by broadening the ideal
frequencies with different values of o, (0, 0.03, 0.1 A) in
comparison with experimental results. Clearly, even though
the theory is based on very simple assumptions, it is in
qualitative and even semiquantitative agreement with experi-
ment.

We now consider why the v, mode is more sensitive than
the v, mode to the relative positions Ca—O and O'--O% As the
Ca—O and O'--O? distances change, so does the potential
landscape “viewed” by the carbonate group. This, in turn,
changes the effective “spring constants” for both v, and v,.
While the direction of the Ca—O bonds is not orthogonal to
either the v, or the v, vibration, it can be shown that the
fluctuation of the Ca—O distance during vibration is three
times larger for the v, mode than for the v, mode. This can
explain phenomenologically why the v, mode is more
sensitive to changes in the Ca—O distance. As for the
O!--O? distance, the difference in carbonate—carbonate dis-
tance (which it represents) affects the in-plane bending
vibration v, more than the out-of-plane bending vibration
v,, simply because the carbonate moieties are coplanar. The
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Figure 3. a) Changes in v, (circles) and v, (asterisks) vibrational
frequencies as a function of Ca—O distance change. b) Changes in v,
(circles) and v, (asterisks) vibrational frequency as a function of the
O'-.-0? distance change. c) Predicted v,/v, peak intensity ratio as a
function of g, (d is the Ca—O distance). d) Changes in Ca—O (crosses)
and O'--0O? (diamonds) distances as a function of the rhombohedral
cell angle.

O'---O? distance is much larger than the Ca—O distance, but so
also is the extent to which it shrinks as a function of the
distortion applied (9 versus 5%, respectively, as shown in
Figure 3d).
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Figure 4. Comparison of simulated (left) and experimental (right) IR
spectra. a) 100% transient amorphous calcite and a simulated spec-
trum with 0,=0.1 A (d is the Ca—O distance). b) 80-90% transient
amorphous calcite and a simulated spectrum with o,=0.03 A; ¢) Geo-
logical calcite and the ideal theoretical spectrum (o,=0 A). Experimen-
tal data are taken from reference [3].

These results elucidate the basis for the changes in IR
spectra observed during the transformation of ACC into
calcite. We note that we have not considered the possible
contribution of occluded water to the IR spectrum, because in
the transient ACC of forming sea urchin larval spicules water
is essentially absent.” In contrast, stable biogenic ACC™ and
synthetic ACC?*?!l do contain water and this may further
affect their IR spectra. We also note that in the trans-
formation from ACC to aragonite an opposite trend is
observed experimentally,”” and that there are consistent
differences in v,/v, peak intensity ratio between shell layers
with different ultrastructures in an adult aragonitic mollusk
shell.® Furthermore, calcites produced by heating calcium
carbonate to high temperature (to produce plaster and
mortar) and then allowing the CaO to hydrate and absorb
CO, from the atmosphere also have different v,/v, peak
intensity ratios. Although these phenomena are almost
certainly different in terms of the produced atomic disorder
compared to that we have investigated here, they do show
that lattice distortions are preserved even in the mature stable
calcium carbonate polymorphs and, significantly, appear to
reflect the mode by which they formed. This opens up exciting
possibilities for identifying calcites produced under different
conditions, and of better understanding ways in which they
form. This may well have applications not only in the field of
biomineralization, but also in geology, archaeology, and in the
materials sciences.
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