


tional hydrogencarbonates, but they have neither been
predicted nor synthesized up to now.

In the present study we investigated the reaction of
Li2[CO3] with CO2 between 10 GPa and 25 GPa and at
elevated temperatures in order to obtain an inorganic
lithium pyrocarbonate salt. The high-pressure experiments
were carried out in laser-heated diamond anvil cells (LH-
DACs). Li2[CO3] powder was compacted between a dia-
mond and a glass plate. In a second step, the powder
compact was placed on the culet of the lower diamond of
the DAC and a ruby chip for pressure determination was
added. Afterward, the DAC was cooled down to � 100 K
for the cryogenic loading. CO2-I (dry ice) was directly
condensed into the gasket hole from a CO2 gas jet until the
gasket hole and the powder compact were completely
covered. In the last step, the DAC was tightly closed and
compressed to the target pressure without intermediate
heating. While we use argon as a purge gas, sometimes the
co-condensation of H2O-ice cannot be completely prevented
(see SI).

During cold compression CO2-I (Pa3) undergoes a
pressure-induced phase transition to CO2-III (Cmca) in a
broad (� 5 GPa) pressure range around � 12 GPa.[20,21] The
experimental Raman spectrum of CO2-III at 25(2) GPa is
accurately reproduced by the Raman spectrum obtained
from the DFT-based calculations (Figure 1 a). Heating of
CO2 at relatively low pressures causes the appearance of
high-temperature polymorphs such as phase II or IV (see
summary in Ref. [22]).[23,24] At ambient conditions Li2[CO3]
crystallizes in space group C2=c.[25] Upon compression a

phase transition from -Li2[CO3] to a Li2[CO3]-P63/mcm

phase was found experimentally at � 10 GPa and the
hexagonal phase was predicted to be stable at >8 GPa by
DFT-based calculations.[26,27] The experimentally obtained
Raman spectrum of Li2[CO3] at 25 GPa prior to the laser
heating is in agreement with the Raman spectrum from our
DFT-based calculations in the high-pressure space group
P63/mcm (Figure 1 b). In summary, the contributions from
all phases in the DAC to the experimental Raman spectra
before the laser-heating are well understood.

The Li2[CO3]+CO2 mixture was laser-heated from both
sides at pressures between 10 GPa and 25 GPa in several
experiments. In this pressure range the direct and indirect
heating of CO2-III results in a phase transformation into
CO2-IV, causing the appearance of strong new Raman
modes at low wavenumbers (< 400 cm�1).[24] We found that
heating Li2[CO3] in the CO2 atmosphere at pressures
� 20 GPa causes the appearance of new Raman modes in
the region between 700 cm�1 and 1100 cm�1 at ambient
temperatures, which are characteristic for vibrations of
½C2O5�

2�-groups.[10,11,13–15]

Heating the sample for 30 minutes to a maximum
temperature of � 1500 200ð Þ K at 25(2) GPa (Figure 2 a)
resulted in an ambient temperature Raman spectrum of the
unknown phase with very little contamination by other

* �
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phases (Figure 1 c). When mapping the intensities of the
Raman modes of the unknown phase across the gasket hole
we found that a second new and unknown phase is present
(Figure 2 b–d). The second phase also shows characteristic
vibrations for ½C2O5�

2�-groups (Figure 1 d). In addition CO2-
IV is present in the heated areas (Figure 2e), while CO2-III
(Figure 2 f) only occurs at the borders of the gasket hole.
The Raman maps allowed us to determine those locations in
the gasket hole with the highest concentrations of the two
new phases. These regions (Figure 2 b-d) were then chosen
for subsequent single crystal X-ray diffraction experiments
using a μm-sized X-ray beam (see SI).

We determined the crystal structure of the first unknown
phase and found that it is the inorganic pyrocarbonate salt
Li2[C2O5] (Figure 3 a). Li2[C2O5] crystallizes at 25(2) GPa in
the monoclinic space group P21/c with Z ¼ 4 and
a ¼ 6:085 1ð Þ Å, b ¼ 5:313 3ð Þ Å, c ¼ 7:996 3ð Þ Å and
b ¼ 100:85ð3Þ� (V ¼ 253:9 2ð Þ Å3). The crystal structure is
characterized by the presence of isolated ½C2O5�

2� -groups

without any residues attached to the oxygen atoms. The
agreement between the experimental structure refinement
and the results from our DFT-based full geometry optimiza-
tions is very good (see Table S1). In addition, the DFT-
calculated Raman spectrum nicely reproduces the exper-
imental data (Figure 1 c). Hence, the structure of Li2[C2O5]
at 25(2) GPa is now unambiguously established, showing
that for yet another “conventional” carbonate a correspond-
ing pyrocarbonate can be obtained. During the review of the
present manuscript, Sagatova et al.[28] published a crystal
structure prediction of Li2[C2O5]. The predicted structure
does not agree with the structre found experimentally by us,
as it has a different space group (P1) instead of P21/c, and
the topology is different.

The crystal structure of the second unknown phase was
also solved and refined from single crystal X-ray diffraction
data. We found that this phase is a hydrogen pyrocarbonate,
Li[HC2O5] (Figure 3 b). Li[HC2O5] crystallizes at 25(2) GPa
in the monoclinic space group C2=c with Z ¼ 4 and
a ¼ 12:085 9ð Þ Å, b ¼ 4:373 1ð Þ Å, c ¼ 5:231 7ð Þ Å and
b ¼ 117:5ð1Þ� (V ¼ 245:3 4ð Þ Å3). Due to the presence of
only light atoms the hydrogen atom could easily be
recognized in the difference Fourier map. A refinement
without a hydrogen atom results in a strong residual electron
density between the two oxygen atoms (Figure 4 a). After
introducing the hydrogen atom of the [HC2O5]

�-group, the
residual electron density between the two oxygen atoms
vanishes (Figure 4 b) and the R-value decreases by � 0:5%.
The experimental error in the hydrogen position is larger
than for the other atoms. However, it is generally accepted
that DFT model calculations can reliably predict hydrogen
positions.[29] The experimental structural model for Li-

Z ¼ 4

C2=c Z ¼ 4

½C2O5�
2� �

� 0:003 �
� 0:01 � � 0:3�

�
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[HC2O5] is fully supported by the DFT-based calculations,
and so it is now well established that in this hydrogen
pyrocarbonate a symmetric hydrogen bonding occurs within
the [HC2O5]

�-group at 25(2) GPa (see Table S2). The planar
[HC2O5]

�-group exhibits C2 point symmetry because it lies
on a special position.

Figures 3 (c) & (d) show the geometry of the ½C2O5�
2�

-groups in Li2[C2O5] in comparison to the geometry of the
[HC2O5]

�-groups in Li[HC2O5]. The bond lengths and bond
angles, other than the torsion between the two [CO3]

2�-
groups in the [C2O5]

2�-groups, are very similar between the
pyro-groups with and without the hydrogen. Whether or not
the hydrogen bond causes the [HC2O5]

�-group to be planar
is currently unknown, as planar [C2O5]

2�-groups also occur
in anhydrous pyrocarbonates.[14] The geometries of the
pyrocarbonate groups in Li2[C2O5] and Li[HC2O5] are also
similar to those of the ½C2O5�

2�-groups in other
pyrocarbonates.[10,11,13–15]

Experimentally it is found that at 25(2) GPa a symmetric
hydrogen bond is present in the [HC2O5]

�-group within the
experimental uncertainty (Figure 3 d). This is supported by
our DFT-based calculations, which show that at pressures
� 10 GPa the hydrogen bond is symmetric (Figure 5 a). The
O�H�O distances in the [HC2O5]

�-group are similar to
those in the symmetrized hydrogen bond in -AlOOH
(� 1:2 Å) at 18 GPa.[30] Symmetric hydrogen bonds have
also been observed in the high-pressure phase of H2O ice-X
at pressures � 60 GPa.[31]

The DFT calculations for Li[HC2O5] were carried out in
space group Cc. In this setting, there are no symmetry
constraints on the hydrogen position. This allows us to
investigate the behavior during pressure release. We found
that at pressures < 10 GPa the O�H�O system becomes a
double-well hydrogen bond and a clear distinction between
the acceptor and the donor oxygen atom (O···H�O) can be
made (Figure 5). The barrier between the double-wells is
very small (0.01 eV per unit cell at 8 GPa). Figures 5 (b) &
(c) show the electron localization function[32] from DFT
calculations of the [HC2O5]

�-group at 2 GPa and at 25 GPa,
demonstrating the symmetric O�H�O bonding at elevated
pressures. At 2 GPa the covalent O�H bond has a Mulliken
bond population of 0.49 e�/Å3, while the O···H bond has a
population of 0.24 e�/Å3. In contrast the symmetric O�H�O
bonds at 25 GPa both have Mulliken bond populations of
0.41 e�/Å3.

We used the unit cell volumes obtained by the DFT
calculations to determine the compression mechanism and
the bulk moduli of the hydrous lithium pyrocarbonate and
anhydrous lithium pyrocarbonate phases. For Li[HC2O5]
there is no noticeable dependence of the volume on the
detailed configuration of the O�H�O group, i.e. the
pressure-induced symmetrization of the hydrogen bond does
not change the compressibility (Figure S3). For the hydro-
gen pyrocarbonate, we obtain a bulk modulus of
K0 ¼ 25:7 4ð Þ GPa with Kp=5.9(1). The calculations show
that for this phase, a van der Waals correction to the
standard DFT-GGA-PBE approach is required, as other-
wise the pressure dependence of the unit cell volumes at low
pressures cannot be described with a reasonable equation of
state (EoS) (Figure S3). When a vdW-correction is em-
ployed, the whole data set can be well represented by a
single EoS-fit and a fit between 0–50 GPa or 10–50 GPa will
result in the same values for K0 and Kp (Table S3). For
anhydrous Li2[C2O5], calculations at lower pressures imply
that it would undergo a spontaneous deformation and that
the high-pressure phase cannot be recovered (Figure S4–
S6). Hence, we used the p,V data � 10 GPa for the
determination of the bulk modulus, which can be well
represented by a single EoS-fit. We obtained a bulk modulus
of K0 ¼ 41 2ð Þ GPa with Kp ¼ 5:9 1ð Þ for Li2[C2O5] from the
EoS between 10–50 GPa, which is significantly larger than
for Li[HC2O5].

In conclusion, we enlarged the family of carbonates by
the synthesis of the first hydrogen pyrocarbonate Li[HC2O5]
and anhydrous Li2[C2O5]. The present study therefore has
not only strengthened the hypothesis, that pyrocarbonate-
analogs of all “conventional” carbonates can be obtained,
but also demonstrated that hydrogen pyrocarbonates, such
as Li[HC2O5] can be obtained, even if no “conventional”
hydrogencarbonate analog, such as Li[HCO3], has been
found yet. The first synthesis of a hydrogen pyrocarbonate
yielded a structure with a symmetric O�H�O arrangement
within the pyrocarbonate group. It is now of interest to
understand, if this is typical or if hydrogen bonds between
pyrocarbonate groups can be formed.

� ⋯
�

�
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The supplementary material contains the experimental and
computational details of the experiments. Furthermore,
additional information to the results of the single crystal
structure solution and DFT-based calculations are shown.
Experimental and DFT-calculated structural data has been
deposited at the Cambridge Crystallographic Data Centre
(CCDC).[33]
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