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The anhydrous alkaline earth metal carbonate Be(COz) was synthesized
in a laser-heated diamond anvil cell at moderate pressures and tem-
peratures (20(2) GPa and 1500(200) K) by a reaction of BeO with CO,. It
crystallizes in the acentric, trigonal space group P3,21 with Z = 3. The
crystal structure was obtained from synchrotron single crystal X-ray
diffraction data and confirmed by density functional theory-based
calculations in combination with Raman spectroscopy. Second harmo-
nic generation measurements were employed to verify the acentric
space group symmetry. The crystal structure of Be(CO3) is character-
ized by the presence of isolated [CO3]? -groups and BeO,-tetrahedra.
This is a new structure type and such a topology has not been observed
in carbonates before. Be(COs) can be recovered to ambient conditions
and is not undergoing a phase transition during decompression.

Carbonates hosting alkaline earth metal cations are ubiquitous
in nature, as calcite (Ca(COj;)), aragonite (Ca(COs;)), dolomite
((Ca,Mg)(CO;),) and magnesite (Mg(CO;)) account for >90% of
the carbonates present in the Earth’s crust." These “conventional”
carbonates are characterized by the presence of trigonal, nearly
planar [CO;J -groups, in which sp®hybrid orbitals are present
between the central carbon atom and the surrounding oxygen
atoms.™” Due to their abundance, the phase diagrams of Ca(CO3),
(Ca,Mg)(CO3),, Mg(CO;) or Fe(CO;) have been studied in great detail
in the last decades.’>®
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For anhydrous carbonates with M**(CO;) it was found that the
ionic radius of the M** cation is a major factor determining if the
corresponding carbonate crystallizes in the calcite (CN = 6) or
aragonite (CN = 9) structure-type, where the ionic radius of Ca**
(1.00 A in 6-fold coordination), is a border case.”® Ca(CO;) is found
with both structure types.”'® Carbonates hosting larger cations
(Sr**, Ba™) typically crystallize in the aragonite structure type, while
carbonates with small cations such as Mg”>* or with 3d transition
metal cations (Mn”*, Fe**, Co®*, Ni**, Cu®" and Zn**) occur in calcite
structure at ambient pressures.®>

In the family of alkaline earth metals, beryllium exhibits an
extraordinary position. In contrast to the next member magnesium
(r(Mg®") = 0.72 A in 6-fold coordination) the ionic radius is
significantly smaller (1{Be*") = 0.45 A).” It is surprising that except
for beryllium for all the other alkaline earth metals (Mg, Ca, Sr, Ba)
crystal structures of carbonate phases had been reported.”’® Even
for Ra(COj3) an aragonitic and a disordered carbonate phase have
been described.*'* Due to the small cation radius, it is most likely
that a Be-carbonate would either crystallize in the calcite type
structure or in a new structure type, but not in the aragonite type
structure. Counterintuitively, theoretical density functional theory
(DFT) based calculations reveal a higher stability of Be(CO;) having
aragonite structure type." In contrast to the alkaline earth metals,
the crystal structure of Liy(COs), the lightest member of the alkali
metal carbonates is well established."® In Li,(CO;) the monovalent
Li" cations ((Li*) = 0.76 A) are in 6-fold coordination and the ionic
radius is larger than the one of the divalent Be>".

It should be noted that in some textbooks the synthesis of
unstable Be(COj3), which should decompose in air, is described
from BeO and CO, at high temperatures.'” Nevertheless, we cannot
find any reported crystal structure on Be(COs). The discovery of the
hydrous carbonate mineral niveolanite with a complex crystal
structure and composition ((Nag.g0Cag,.09)Be(CO3)[(OH)o.9200.00):
H,0) demonstrated that beryllium can be found in naturally
occurring carbonates.’® In this compound, the Be** atoms are
tetrahedrally coordinated. This raises the question if the very small
ionic radius of beryllium in 4-fold coordination (1{Be®") = 0.27 A) is
compatible with the formation of anhydrous Be(CO;).”

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Compacted BeO powder and ruby chip for pressure determina-
tion in the gasket hole of the DAC. (b) BeO + CO5-I (dry ice) mixture after
cryogenic loading and closing of the DAC (10(1) GPa). (c) BeO + CO,
mixture after laser heating to ~1500(200) K at 20(2) GPa. (d) Raman map
of Be(CO3) (21195 cm™) overlayed on a picture of the gasket hole. (e)
Combined Raman maps of the CO, phases present in the gasket hole after
heating: phase Ill (%280 cm™), Il (320 cm™Y and IV (110 cm™). ()
Raman map of Be(CO3) (~1195 cm™Y) at 20(2) GPa.

In the study presented here, we investigated the system
BeO-CO,, in order to determine if a beryllium carbonate can
be synthesized at elevated pressures and temperatures, in
analogy to the successful synthesis of Al,(COj3); from an Al,O3
+ CO, mixture at ~20 GPa." The experiments were carried out
in laser-heated diamond anvil cells (LH-DACs) in a similar
pressure range between 10 GPa and 20 GPa. First, BeO powder
was compacted between a diamond and a glass plate. The
experimental Raman spectrum of BeO is accurately reproduced
by the DFT calculations in space group P6;mc (see Fig. S1 in the
ESIt), for ambient conditions.*® In a second step, the powder
compact was placed on the culet of the lower diamond of the
DAC (Fig. 1a). Additionally, we added a ruby chip for pressure
determination.”" Afterward, CO,-I (dry ice) was cryogenically
loaded into the DAC. The DAC was cooled down to ~100 K and
CO, was directly condensed into the gasket hole from a gas jet
until the gasket hole and the powder compact were completely
covered. Then, the DAC was closed tightly (Fig. 1b).

The BeO + CO, mixture was compressed to target pressures
between 10 GPa and 20 GPa in different experiments without
intermediate heating. During the cold compression a phase
transition from CO,-I (Pa3) to CO,-III (Cmca) occurs in a broad
(& 5 GPa) pressure interval around ~ 12 GPa.>*>*’ In contrast, in
earlier studies no phase transition had been found in BeO by
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Raman spectroscopy up to 55 GPa and by powder X-ray diffrac-
tion (PXRD) up to 137 GPa.>*** At the target pressures of
10(1) GPa, 15(2) GPa and 20(2) GPa the BeO powder compact
was laser-heated from one side in the CO, atmosphere in
different experiments up to temperatures of 21500 K. In this
pressure range the direct and indirect heating of CO,-III causes
the appearance of the high-temperature CO, polymorphs CO,-1I
and CO,-IV.%%*” It should be noted, that CO,-II is assumed to be
present only in a narrow temperature field ranging from
~ 400 K to ~600 K.>*° Nevertheless, we clearly observed the
presence of phase II in a narrow rim around the heated area
where CO,-IV is present at 20(2) GPa (Fig. 1e), while CO,-III is
still present in the unheated regions (Fig. 1e). At 20(2) GPa the
Raman spectra of the CO, phases III, II and IV measured in the
same DAC are in agreement with our theoretical Raman spectra
derived from the DFT calculations (Fig. 2a-c).

Besides the formation of CO,-II and CO,-IV, heating the
BeO powder compact in the CO, atmosphere at 20(2) GPa up
to a maximum temperature of ~1500(200) K causes the
appearance of an unknown phase with a strong Raman mode
at ~1195 cm~'. A dominant Raman mode occurring at this
wavenumber is characteristic for the C-O stretching mode in a
[CO;]* -group in alkali and alkaline earth metal carbonates
such as Mg(CO;), Ca(CO;) or Sr(CO;).>**' This was not
observed at pressures <20 GPa. Heating the sample for
60 minutes resulted in an ambient temperature Raman spec-
trum of the unknown phase with very little contamination by
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Fig. 2 Raman spectra of different CO, phases measured in the same DAC
at 20(2) GPa after laser heating (corresponding to the areas in Fig. le): (a)
COs-lIl, (b) CO,-1l and (c) CO,-IV. (d) Raman spectra of Be(COs) after the
synthesis at elevated pressures and temperatures. Peaks of CO,-IV are
marked by an asterisk (*). (€) Raman spectra of Be(COs) after decompres-
sion of the DAC to ambient conditions. Experimental Raman spectra are
shown in blue, DFT-based calculations are shown in black. The shifts of the
calculated Raman spectra were rescaled by 2-6%.
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other phases (Fig. 2d and e). We mapped the distribution of the
unknown carbonate across the gasket hole in order to locate a
suitable region for the subsequent single crystal X-ray diffraction
experiments (Fig. 1d and f). The new phase is only present in the
heated region where also the high-temperature phase CO,1IV is
present, which only occurs at temperatures >600 K at this pressure
(Fig. 1e).2%%°

After the identification of an area where mainly the unknown
phase is present by Raman spectroscopy, we employed X-ray diffrac-
tion imaging on a 60 x 60 um® grid with 3 pm steps at beamline
ID27,%* European Synchrotron Radiation Facility (ESRF), using a spot
size of 0.7 x 0.7 pm” to locate a suitable spot in this region for the
collection of single crystal diffraction data. Using the synchrotron
single crystal X-ray diffraction data, we determined the crystal
structure of the unknown phase and found that it is a “conven-
tional” carbonate with Be(CO;) composition, ie. neither a pyrocar-
bonate nor a sp>-carbonate.*** It crystallizes in the acentric, trigonal
space group P3,21 with Z = 3 (Fig. 3a). The refined structure model is
in very good agreement with the results from our DFT-based full
geometry optimizations (see Table S1 in the ESIt). Furthermore, the
DFT calculated Raman spectrum nicely reproduces the experimental
data in the whole frequency range (Fig. 2d).

Be(CO;) is an anhydrous carbonate. Its crystal structure is
characterized by the presence of isolated, trigonal-planar
[CO;]* -groups (Fig. 3b). The C-O bond distances within the
[CO5]*> -group are nearly identical (1.26(1) A and 1.29(1) A).
Hence, Be(CO;) completes the list of known crystal structures of
alkaline earth metal carbonates with M>*(CO;) with M*'= Mg,
Ca, Sr, Ba and Ra composition, by the lightest member.”*'%14

(a)

(b)

1.26 A

1.55A

Fig. 3 (a) Trigonal crystal structure (P3,21, Z = 3) of Be(COs) at 20(2) GPa
obtained from synchrotron X-ray single crystal structure solution. (b)
Geometry of the [C03]2—groups and (c) of the BeO4-tetrahedra in
BG(CO3)
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The second building block of Be(CO3) are almost ideally shaped
BeO,-tetrahedra with Be-O bond distances between 1.55(1) A and
1.61(1) A (Fig. 3c). Due to the very small ionic radius, the Be atoms
are only coordinated by four oxygen atoms, in contrast to eg. Mg or
Ca in the corresponding carbonates at the same conditions which
typically are coordinated by 6 or 9 oxygen atoms.>”

After the synthesis of Be(COs) at elevated pressures and tem-
peratures we measured Raman spectroscopy during the decom-
pression of the DAC. We did not observe any indication for a phase
transition during pressure release. Furthermore, our Raman spec-
tra clearly show that Be(COs) can be recovered at ambient condi-
tions, without storage under CO, atmosphere. The experimental
Raman spectrum at ambient pressure is unequivocally reproduced
by the one from the DFT-based calculations in the trigonal space
group P3,21 (Fig. 2e), confirming that no pressure-induced phase
transition had occurred. In addition, our calculations show that
Be(CO3)-P3,21 is more stable than a polymorph having arago-
nite structure type in the investigated pressure range.'® It should
be noted, that the small amount of recovered material
(~0.00003 mm?®) limits the possibility for further sample analysis,
such as conventional PXRD.

The p,V relation of Be(CO;) obtained from the calculations between
0 GPa and 50 GPa is shown in Fig. S3 in the ESL{ The theoretical p,V
data were fitted with an equation of state (Fig. S3 in the ESI})
to determine the bulk modulus. We obtained a bulk modulus of
K, = 95.5(8) GPa with K, = 3.8(1). This is consistent with the bulk
modulus obtained from the elastic stiffness tensor from our DFT-
calculations (91(1) GPa). The bulk modulus of Be(CO;) is in the
expected region for M>'(CO;) carbonates, which ranges from 67(2)
GPa in Ca(CO;) (calcite) over 107(1) GPa in Mg(CO;) to 131(2) GPa in
Ni(CO;).*® However, the bulk modulus of Be(CO;) does not fit to the
proposed trend, where the bulk modulus increases with decreasing
unit cell volume. In order to confirm the acentric space group
symmetry we performed second harmonic generation (SHG) measure-
ments in the DAC at 20(2) GPa and at ambient conditions. We
measured strong SHG signals, ~70 mV at 20 GPa and ~60 mV at
ambient conditions, from the sample (Fig. S4 in the ESIt). This is
consistent with our DFT calculations, which reveal a relatively
high SHG coefficient of deg = 1.34 pm V" at 20 GPa and of de =
0.93 pm V! at ambient conditions.

The unit cell volumes of “conventional” chemically simple carbo-
nates characterized by the presence of isolated [CO,]*~groups strongly
depend on the ionic radius of the cation. For carbonates with calcite-
type crystal structures and 6-fold coordination (M**(CO5)) the unit cell
volume decreases systematically from Ca(CO;) ({Ca") = 1.00 A) to
Ni(CO;) ({Ni*") = 0.69 A) (Fig. 4).”>"* The recently synthesized sp*
carbonate Al,(CO3); does not crystallize in calcite-type crystal structure,
but the AP*-cations (HAI’*) = 0.535 A) are also coordinated by
6 oxygens. The normalized unit cell volume of this compound fits
in the systematic trend of the calcite-type carbonates (Fig. 4).”" In
contrast to the other M**(CO;) carbonates the ionic radius of ber-
yllium is significantly smaller. It is 0.45 A in 6-fold coordination and
decreases to 0.27 A in 4-fold coordination.” In Be(CO,) the coordina-
tion number is four and the unit cell volume at ambient conditions
fits perfectly in the systematic decrease of the unit cell volume of the
M>*(CO;) carbonates with decreasing ionic radii (Fig. 4).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Unit cell volumes per carbon atom for carbonates with M™(COs3)
composition as a function of the ionic radius. Calcite-type carbonates
(CN = 6) are shown in blue, Cu(COs) (CN = 5) in Cm space group symmetry
is shown in orange and Alx(COs3)s (CN = 6) in Fdd2 space group symmetry is
shown in green 8911219 The DFT-calculated volume of Be(COs) (CN = 4) in
P3,21 space group symmetry is shown in red. The dashed line is a linear fit to
the unit cell volumes of the carbonates with M2*(CO3) composition.

In conclusion, we have synthesized the alkaline earth metal
carbonate Be(CO;) by a reaction of BeO and CO, at 20(2) GPa
and 1500(200) K. The structure was determined by synchrotron
based single crystal diffraction and characterized by Raman spectro-
scopy and DFT calculations. The acentric space group symmetry
(P3121) was confirmed by SHG measurements. We found that
Be(CO3) can be recovered to ambient conditions. The synthesis
and crystal structure determination of Be(CO3) significantly enlarged
the chemistry of carbonates, as it was the last missing member of
the family of alkaline earth metal carbonates. In Be(CO;) the
beryllium cations are coordinated by four oxygen atoms. This
arrangement was not observed in other carbonates up to now.
Be(CO3) crystallizes in a new structure type.
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