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We have synthesized the first hydrous sp>-carbonate by laser-heating
Ba[COs], CO, and H,0 in a diamond anvil cell at 40(3) GPa. The crystal
structure of Ba[H4C4010][H3C4010l[H.COs][HCO;] was determined by
synchrotron single crystal X-ray diffraction. The experiments were
complemented by DFT-based calculations. This compound is the first
example of a carbonate containing both trigonally-coordinated car-
bon in [COs]> -groups and tetrahedrally coordinated carbon in
[CO41*-groups. The [CO4]* -groups polymerize by corner-sharing
to form pyramidal [C4010]* -groups, which can bind three or four
hydrogen atoms. As the pyramidal [C,00]* -groups are a constituent
of several anhydrous sp>-carbonates, we now expect that further
high-pressure hydrous carbonates can be obtained.

In the last decade there has been a significant expansion of our
understanding of the crystal chemistry and the structures of carbo-
nates, mainly triggered by high-pressure single crystal structure
determinations. In earlier textbooks (e.g: Okrusch and Frimmel" or
Reeder), “conventional” carbonates were defined by the presence of
trigonal, nearly planar [COs;]* -groups, and a limited number of
structure types were known, of which the trigonal calcite- and
dolomite-type, and the orthorhombic aragonite-type structures are
the most important ones. Especially the phase diagrams of Ca[COj3]
(calcite/aragonite) and (Ca,Mg)[CO;], (dolomite) have been studied
in great detail, as they account for >90% of the carbonates present
in the Earth’s crust.”™ In these carbonates sp>hybrid orbitals are
present on the central carbon atom in the [CO,]* -group.

A profound expansion took place when it was shown that at
high pressures carbonates can be formed in which the carbon
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is tetrahedrally coordinated, i.e. where sp*-hybridization was
induced by high pressure. Structure solutions from powder data
at very high pressures typically rely on assumptions, so initial
studies such as Ono et al.” (CaCO3-C222,) or Boulard et al.® new
(Mg3[C304]-C2/m) relied on comparisons to density functional
theory (DFT) based predictions. Later, the results of a single
crystal study of Mg,Fe,[C,043]-C2/c unambiguously showed that
at very high pressures carbonates may contain carbon in tetra-
hedral coordination.” This was exciting, not only because a new
building block had been discovered, but also because the tetra-
hedrally coordinated [CO,]* -groups can polymerize by corner-
sharing an oxygen atom, to form groups, rings, and clusters (see
summary in Spahr et al®). However, as initially the sp*-
carbonates were only formed by polymorphic transitions or
dissociation at very high pressures of ~70 GPa, only a limited
number of systems were experimentally investigated.

A next milestone was then reached when sp’-carbonates were
obtained at much lower pressures by reactions, and when it was
shown that some of them are recoverable to ambient pressure.® ™
Further noticeable progress was the recent synthesis of inorganic
anhydrous pyrocarbonates, in which flexible [C,05]* -groups are
the defining structural units.">® Mixed carbonate, with both
trigonal [CO;]* -groups and [C,Os]* -groups have also been
obtained.'”'® Here, we will denote carbonates with either
[CO4]*™ or [C,Os]" -groups as “novel carbonates”. It is, worth-
while to note that even for the conventional carbonates, syntheses
at high pressures have achieved substantial advances. For exam-
ple, the recent single crystal structure determination of Al,[COj3];
has shown for the first time that it is possible to form a chemically
simple anhydrous carbonate with a single type of trivalent metal
cation which can be recovered to ambient conditions."”

An efficient route for the synthesis of novel carbonates is to
either react carbonates with oxides or CO,, or to react oxides with
CO,.5"® We have constructed a cryogenic diamond anvil cell
(DAC) loading system which is optimized to condense CO, into
a pre-cooled DAC."* With the synthesis of the hydrous lithium
pyrocarboante LifHC,Os] we demonstrated that this set-up can
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also be employed to co-condense H,O ice into the gasket hole in
order to obtain hydrous carbonates.'® To the best of our knowl-
edge, there have neither been structure prediction studies of novel
hydrous carbonates nor any experimental report of a novel
hydrous carbonate except for the synthesis of LiiHC,Os]. This is
surprising, as about 2/3 of the known ambient pressure carbon-
bearing minerals are hydrous or hydrated."

Here, we describe the synthesis and characterization of barium
hydrogen carbonate Ba[H,C4010][H3C4010][H,CO;][HCO;]. It was
obtained by CO,-laser heating a cold-compressed mixture of a
Ba[CO;] crystal, CO, and H,O at 40(3) GPa (Fig. S1, in the ESIT).
The synthesis was performed in a similar manner to that described
for the synthesis of Ba[C,0s] at 30 GPa."* In an earlier study we
described that heating Ba[CO;] in CO, at 30 GPa results in the
formation of a pyrocarbonate, hexagonal Ba[C,05]-P6/m."* Unex-
pectedly, Ba[C,0s] is structurally quite distinct from the mono-
clinic and isostructural pyrocarbonates Si[C,Os]-P2;/c and
Pb[C,05]-P2,/c.">"* Tnitial structure predictions in the barium
carbonate system failed to anticipate the Ba[C,Os] phase, and later
structure prediction calculations failed to correctly predict the
space group and the substantial twist of the [C,05]* -groups.>*?!
In the present experiments, we have observed that heating Ba[CO;]
together with CO, and H,O results in the formation of a novel
hydrous carbonate. We assume that small amounts of H,O-ice
unintentionally co-condensed with the CO, through the gas jet.'®

The structure of one of the phases with Ba[H,C,0,0]-
[H3C4040][H2CO3][HCOs] composition (Fig. 1), has been solved on
a temperature-quenched sample by single crystal X-ray diffraction
at 40(3) GPa in combination with DFT-based calculations (see
ESIt). The structure is triclinic (P1) with a = 6.346(2) A, b =
6.377(2) A, ¢ = 8.191(2) A, « = 89.77(2)°, f = 89.66(2)° and y =
60.72(4)°. It shows a P3 pseudo-symmetry. The structure refinement
is strongly biased by the heavy barium atoms (fy o« Z°). In
addition to the barium positions, the presence and locations of
both [CO;]*-groups and [C404,]* -groups could reliably be estab-
lished from the analysis of the X-ray diffraction data. After locating
the barium atoms (Zg, = 56), the [CO;]*"-and the [C,04,]" -groups

Fig. 1 Content of one unit cell of the mixed sp?/sp>-barium hydrogencar-
bonate BalH4C4010l[H3C4010][H,CO3][HCO<] at 40 GPa. The partial site
occupancies of the two Ba-positions are indicated by partially filled spheres.
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(Zc = 6, Zo = 8), hydrogen atoms (Zy = 1) were required in order to
obtain charge balancing. The locations of these hydrogen atoms
cannot be reliably derived experimentally due to the limited access
to reciprocal space imposed by the metallic body of the DAC and
the presence of much stronger scatterers. The analysis of the
experimental data resulted in a triclinic structure, where the one
Ba atom was distributed over two sites.

In order to better understand structure-property relations
and to better constrain the hydrogen positions, DFT-based
atomistic model calculations have been carried out. There are
several approaches to approximate structures with partially
occupied sites in atomistic modelling approaches based on the
use of periodic boundary conditions. Conceptually the most
straight forward is to generate a very large supercell, in order
to mimic the disorder. This is computationally expensive. Alter-
natively, the ‘“virtual crystal approximation” (VCA) can be
employed (e.g. Winkler et al.>*), which is computationally much
less demanding, but which can neither be used with perturba-
tion theory-based approaches nor with finite difference methods
to compute phonon dispersion curves. Also, in the VCA local
relaxations are not described correctly.

Here, we note that simply fully occupying either of the two
barium sites leads to lattice parameters and atomic coordinates
for the non-hydrogen atoms which are in very good agreement
with the experiment when the barium is on 0.81,0.75,0.38
(“option 1), while a slightly worse agreement results if the
barium is located on 0.80,0.74,0.86 (“‘option 2”), after geometry
optimization. For both options, the structures can be fully
relaxed and the lattice dynamics at the I'-point and Raman
spectra have been obtained (Fig. S6, in the ESIt). The computa-
tion of a full set of phonon dispersion curves was not feasible
with the limited available computational resources. As there
were no modes with imaginary frequencies the structure is at
least stable with respect to translationengleiche phase transi-
tions. At 40 GPa the enthalpy difference favors “option 1” over
“option 2” by =&0.5 eV per unit cell, which contains one
formula unit. This is fully consistent with the preferred occupa-
tion found experimentally. Table S1 (in the ESIt) shows the
experimentally obtained structural data in comparison to the
“option 1 DFT calculations. The lattice parameters of both
structural models agree within the expected uncertainties.

The positions of barium, oxygen and carbon atoms in the
relaxed DFT structures were in very good agreement with our
single crystal data, even if the completeness of the data collection
was limited. Hence, we conclude that our general structural model
is accurate. As the experimental structure is an average structure,
and as the experimental positions of the hydrogen atoms are
somewhat uncertain, there are some close Ba-H-O contacts in the
experimental structure. However, as mentioned above, due to the
limitations imposed by the data collection in a DAC, the diffrac-
tion data are not expected to be sensitive to the hydrogen position.
In contrast, it has been long established that DFT model calcula-
tions can reliably predict hydrogen positions.>* Hence, we decided
to introduce and constrain the hydrogen positions from the DFT
calculations in the experimental structural model. Geometry opti-
mizations at 40 GPa gave hydrogen positions which resulted in

This journal is © The Royal Society of Chemistry 2025
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covalent O-H bonds having bond distances d(O-H) ranging from
0.98-1.05 A. The hydrogen bond distances d(H---O) range from
1.42-1.70 A and have, as expected®* much lower Mulliken bond
populations of 0.1-0.2 e~ A~ than the covalent O-H bonds, which
have bond populations of about 0.6 e~ A~%. Tables S2 and S3
(in the ESIY) lists interatomic distances and angles between the
barium atom and the oxygen/hydrogen and nearest Ba-H contacts
in the DFT-based structural model.

We then carried out supercell calculations up to 2 x 2 x 2,
where one Ba atom was on the “option 2” position, while all
others were located on the “option 1” position, thus mimicking
increasing disorder (Fig. S3, in the ESI{). On both atomic
positions the barium atoms are nearly spherical coordinated
with 12 oxygen atoms (Fig. 2a and b). Supercells larger than
2 x 2 x 1 have enthalpies per formula unit lower than the

Fig. 2 (a) and (b) Coordination of the two different barium positions with
12 oxygen atoms in the mixed sp?/sp>-barium hydrogencarbonate. (c)
Alternating directions of the [H4C4010]- and [HzC4O10] -groups. Partially
filled spheres indicate partial site occupancies.
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“option 1 structure, ie. disordering the barium over the two
available sites actually stabilizes the structure. However, due to
the substantial computational resources required for these
calculations, the effect of short-range and long-range ordering
could not be determined quantitatively.

A comparison of the experimentally determined and com-
puted structure is given in Fig. S2 (in the ESIY). In Fig. 1 the
experimental structure with refined hydrogen positions derived
from DFT calculations is shown. The location of the hydrogen
atoms depends on the distribution of the Ba-atoms over the
available sites in the model calculations. This implies that in
the actual structure there will be an appreciable disorder of the
hydrogen atoms. However, it is beyond the currently available
experimental techniques to locate the hydrogen positions
experimentally in order to benchmark the models.

Fig. S3 (in the ESIf) shows that Ba[H;C4010[H3C4010]
[H,CO;][HCO;3] consists of layers. In the first layer [H,C,0,,] and
[H3C,0,0] -groups point in alternating directions (Fig. 2c). The
second type of layer contains [H,COs]- and [HCO;] -groups. There
is an intricate network of hydrogen bonds both within the two types
of layers and between them. The individual structural units of the
mixed sp’/sp>-barium hydrogencarbonate are shown in Fig. 3.

While at high pressures van der Waals (vdW) interactions
don’t contribute significantly, they become relevant at lower
pressures. This can be inferred from the DFT calculations by of
results for calculations with and without vdW-interactions. When
a vdW-correction scheme is applied at high pressures, the results
of the geometry optimizations change only slightly with respect to
the uncorrected calculations. Specifically, when a Tkatchenko-
Scheffler dispersion correction is applied,?® the molar volume at
40 GPa changes by less than 1.5%. At low pressures, however, the
effects are significant and at 0 GPa the molar volumes between
dispersion-corrected and uncorrected models differ by 11%.
Hence, the compression behavior was studied with a vdw-
corrected approach.>® As expected from the structural features,
Ba[H,C4010][H5C40,0][H,CO3][HCO;] is a very compressible com-
pound with a bulk modulus of K, = 14(2) GPa with K= 8.2(8) (see
Fig. S4, in the ESIT). We found that the compression mechanism is
very anisotropic (see Fig. S5, in the ESIt). The structure is highly
compressible along the c-axes (~25% between 0-40 GPa), caused
by the reduction of the space between the alternating layers of the
[H4C4040]-[H3C4040] -groups and [H,COs]-/[HCO;] -groups. In
contrast, within the layers along the b-axes the compressibility is
significantly lower (~x5%).

In the framework of the current study, due to the limited
beam time available, it was not possible to elucidate the
stability field of Ba[H,C,010][H3C4010][H.CO;][HCO;] experi-
mentally. It was also not feasible to derive the stability field
by DFT calculations, as this would involve calculations of
disordered ice-VII,*® which would have been beyond the avail-
able computational resources. Here, further experiments and
calculations are therefore required.

In conclusion, by combining the synchrotron single crystal
X-ray diffraction data with DFT calculations for the location of
the hydrogen atoms, we now have a robust model of a new
carbonate structure type, the first structure which has both
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Fig. 3 Structrual units of the mixed sp?/sp>-barium hydrogencarbonate
Ba[H4C4010l[H3C4010][H>CO3l[HCO5] from DFT-based calculations: (a)
[H4C4010l, (b) [H3C40101™, (c) [H,CO3] and (d) [HCOs] ™.

trigonal [CO,]”~-groups with sp>hybridized bonds and [C40;,]*"-
groups with sp*hybridized bonds (Fig. 1). Also, this is the first
hydrous high-pressure sp’-carbonate. Hence, this synthesis
enlarges the family of novel carbonates substantially. The
[C4010]* -group in Ba[H4C4010][H3C4040][H,CO5][HCO;] is a con-
stituent of several sp>-carbonates, including Mn,[C,0,,]-Fd3m or
Ca,y[C4010HE2d."*" Ca,y[C40,0]-1A2d has been suggested as a
carbonate host in the Earth’s lower mantle and may contribute
to the seismic anomalies of the Earth’s mantle."*® This seems to
imply that sp®>-carbonates may serve as a carrier of both carbon
and hydrogen into the Earth’s mantle. Also, due to the structural
similarities to other novel carbonates we think it should be facile
to replace the Ba-atoms in order to obtain further new hydrous
high-pressure carbonates, and such experiments are currently in
progress.
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