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The existence of polymeric carbonic acid (H2CO3) at elevated pressures has been predicted, but has

not been investigated experimentally. Here, polymeric carbonic acid containing sp3-hybridizedcarbon

was synthesized and characterized at ≈40GPa. H2CO3 single crystals were obtained by laser-heating

aH2O+CO2mixture in a diamond anvil cell. Theorthorhombic crystal structure (Cmc21withZ=4)was

refined from synchrotron single crystal X-ray diffraction data and is in agreement with a structural

model predicted earlier. The crystal structure of H2CO3-Cmc21 is characterized by ½CO4�
4� building

blocks which are connected via corner sharing, forming chains along the c-axis. The combination of

single crystal X-ray data with experimental Raman spectroscopy and DFT-calculations confirms that

the structural model of H2CO3-Cmc21 is appropriate. The synthesis condition of polymeric carbonic

acid points towards its potential existence in ice giants including the ones present in our solar system.

Carbonic acid (H2CO3) is an extensively studied, but still enigmatic, com-
pound. It is well established that H2CO3 forms in small quantities by the
reactionbetweenH2OandCO2 in aqueous solutions, but eitherdecomposes
back or rapidly dissociates1,2. This poses significant experimental challenges
for the crystallization of H2CO3, which is a prerequisite for single-crystal
structure determinations. Numerous approaches have been employed to
overcome this hurdle, including particle or light irradiation ofH2O-ice:CO2

mixtures and synthesis at high-pressures3–9.
Due to the experimental challenges, a number of problematic results

were obtained. For example, the conclusions regarding the existence of α-
H2CO3, based on spectroscopic evidence, needed to be revised, as itwas later
shown that in fact themonomethyl esterofH2CO3, (CH3OCO2H)hadbeen
obtained10–13. This led to the conclusion that β-H2CO3was the only ambient
pressure phase, but its exact crystal structure remained unknown13. More
recently, there were attempts to combine density functional theory (DFT)-
based calculations and high-pressure studies to obtain and confirm struc-
tural models for crystalline H2CO3. However, a recent neutron powder
diffraction study on a deuterated sample, which yielded a low pressure
(≈2 GPa) monoclinic structure, H2CO3-P21/c (Fig. 1b), is problematic, as it
is evident from the published data that the amount of H2CO3 in the sample

was minute in comparison with the co-existing CO2-I phase (dry ice), and
the refinements relied on constraints and restraints5.

Earlier, a crystal structure prediction study had been published in
which several polymorphs of H2CO3 were proposed

6. Specifically, for the
pressure range of 1–44 GPa, a phase with space group Pnma was predicted
(Fig. 1c). For the pressure range from 44 to 314 GPa, it was predicted that
carbon would be sp3-hybridized, and that the ½CO4�

4�-tetrahedra would
polymerize to form chains in two orthorhombic structures both having
space group Cmc21 (Fig. 1d, e)

6. A phase transition between two H2CO3-
Cmc21 polymorphs was predicted to occure at 240 GPa. The high pressure
phase of H2CO3-Cmc21 was predicted to remain stable up to its reaction
with H2O to orthocarbonic acid (H4CO4) above 314 GPa

6. It was proposed
that the computed vibrational spectra for the low pressure phase H2CO3-
Pnma were in agreement with the experimentally obtained IR and Raman
spectra measured at ≈4 GPa in a study reported earlier6,7.

Recently, we provided the first X-ray single crystal structure solution of
water-free H2CO3 at low pressures (≈8 GPa) with P21/n space group
symmetry (Fig. 1a)8. The geometry of the H2CO3 molecules in cis-cis con-
figuration is in reasonable agreement with their geometry in the chemically
closely related carbonic acid monohydrate (H2CO3. H2O), which has also
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been studied by single crystal X-ray diffraction (at 6.5 GPa) in earlier
experiments9. We complemented our diffraction study by a combination of
experimental Raman spectroscopy and DFT calculations.

A single crystal structure determination, with a high reflection-to-
parameter ratio (>8) and low R-values (a few %), is the gold standard for
establishing new structures, even if reciprocal space has not been fully
explored, as is typical in DAC-based studies. This is especially the case if
the structure is then reproduced in full geometry optimizations in DFT
calculations and the latter reproduce the Raman spectrum. This implies
that not only the structure correspond to a local energyminimum, but also
that the second and third derivatives of the energy hypersurface have been
obtained correctly. There is no example of amoderately complex structure
where the experimental Raman spectrum has been reproduced by DFT
calculations for a wrong structure, and hence the crystal structure of
H2CO3-P21/n at pressures of 5–13 GPa is now established8. Its crystal
structure is distinct from H2CO3-Pnma or H2CO3-P21/c

5,6. In H2CO3-
P21/n carbon is sp2-hybridized, i.e., this is a “conventional” carbonate,
characterized by nearly trigonal ½CO3�

2�-groups. Two H2CO3 molecules
in cis-cis geometry are connected by two hydrogen bonds forming layers.
This crystal structure had not been predicted in the study by Saleh and
Oganov6.

Due to the disagreement between the crystal structure prediction
approach for the low-pressure phase ofH2CO3 and the experimental data in
this pressure range and the absence of any experimental high pressure
structural studies, the high pressure polymorphismofH2CO3 is unresolved.
Determining the high pressure polymorphism of H2CO3 is a relevant effort
for several reasons. From a crystallographic and crystal chemical point of
view, the crystal structure prediction of Saleh andOganov6 is exciting, as the
polymorph predicted to be stable at pressures between 44 and 314 GPa was
thought to contain polymerized ½CO4�

4�-groups forming chains. The
polymerization of ½CO4�

4�-groups in carbonates has been well established
for more than a decade now. However, pressure-induced polymorphic
transitions from sp2- to sp3-carbonates occur only at much higher pressures
(e.g., at ≈85 GPa forMgCO3, at ≈105 GPa forCaCO3, and at ≈115 GPa for
Ca1.5Fe0.9Mg0.6C3O9)

14–16. In contrast, sp3-carbonates can be obtained at
much lower pressures if instead of pressure induced polymorphic transi-
tions reactions with a corresponding oxide (e.g., at ≈20 GPa for Sr2CO4) or
withCO2 (e.g., at ≈34 GPa forCa2C4O10) are induced

17,18. In carbonates, the
polymerization of ½CO4�

4�-groups into infinite chains is very rare and has
been observed only in CaCO3-P21/c at ≈105 GPa15.

SolidH2CO3 is also relevant for astrophysical studies.H2OandCO2 are
components of interstellar dust, and very large stellar objects exist which
contain enormous amounts ofH2OandCO2

19. Furthermore,H2OandCO2

are present in the frozen nuclei of comets and on/in icy bodies in our solar
system20–25. High pressures up to ≈1000 GPa and temperatures up to several
thousand Kelvin in combination with the presence of large H2O-ice con-
taining shells have been found in ice giants such asUranus andNeptune26,27.
As CO2 is present in their atmosphere28, it is possible that high pressure
polymorphs ofH2CO3 form inside of ice giants.Hence, an understanding of
the systemH2O–CO2 as a function of pressure and temperature is required
to establish spectral libraries for their remote identification. The relevanceof
H2CO3 in our solar system is also evident from the recent spectroscopic
evidence of its presence on the surface of Ganymede reported by the Jovian
InfraredAuroralMapper (JIRAM) or by the detection of CO2 togetherwith
H2O2 on the stratified surface of Charon using the James Webb Space
Telescope (JWST)29,30. Furthermore, the JWST detected H2O together with
CO2 in the atmosphere of the hot Super-Neptune WASP-166b31.

Results and discussion
The high-pressure experiments on theH2O-CO2 systemwere carried out in
laser-heated diamond anvil cells (LH-DACs). In a first step, a drop of H2O
wasadded into the sample chamberof aDAC.Asignificant amountofwater
was then allowed to evaporate before closing the DAC tightly. In the next
step, the DAC was cooled down. After reaching ≈273 K the DAC was
reopenedbefore being cooled further to ≈100 K.At this temperature dry ice
was directly condensed into the sample chamber from a CO2 gas jet. The
DAC was tightly closed after the sample chamber was completely covered
with dry ice and then compressed to the target pressure of the experiment
without intermediate heating. The sample pressure during compressionwas
derived from the position of the high frequency edge of the diamondRaman
band32. After tightly closing the DAC the pressure in the sample chamber
was ≈10 GPa. At this pressure, CO2-I (Pa�3) is the stable phase up to its
melting temperature33,34. In a Raman experimental spectrum, obtained after
the cryogenic loading, we could identify the characteristic Ramanmodes of
CO2-I (Fig. S2a) at low wavenumbers (<300 cm−1)35. In addition, we
observed the characteristic Raman signal of H2O-VII at high wavenumbers
(≈3000–3400 cm−1) (Fig. S2b), confirming thatH2Ois present in the sample
chamber36,37.

Figure 2 a shows the sample chamber of the DAC after cold-
compression of the CO2+H2Omixture to 40(2) GPa before laser heating.

Fig. 1 | Experimental and calculated crystal structures of the H2CO3 phases.

aExperimental crystal structure ofH2CO3-P21/n (≈8 GPa) from single crystal X-ray

diffraction8. b Experimental crystal structure of deuteratedH2CO3-P21/c (≈2 GPa)
5.

Predicted crystal structures of: cH2CO3-Pnma (1 GPa)6,d the low-pressure phase of

H2CO3-Cmc21 (100 GPa)
6 and e the high-pressure phase of H2CO3-

Cmc21(400 GPa)
6.
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During compression a phase transition from CO2-I (Pa�3) to CO2-III
(Cmca) occurs in a broad (≈5 GPa) pressure interval around ≈12 GPa33,35.
The experimental Ramandata of unheatedCO2-III at 40(2)GPa are in good
agreement with the Raman spectrum derived from our DFT-based calcu-
lations (Table S3) in space groupCmca (Fig. 3a). At 40 GPa the stable phase
of water is H2O-VII (Pn�3m)38,39, but due to the overtone of the diamond the
characteristic Raman modes of H2O-VII at high wavenumbers cannot be
observed at this pressure36.

At the target pressure of the experiment (40(2) GPa) we used double-
sided CO2 laser-heating to induce the reaction. The sample was heated to a
maximum temperature of ≈1000(300) K in one spot of the sample chamber
(Fig. 2b). At this pressure, the direct and indirect heating of CO2-III causes
the appearance of the high-pressure polymorph CO2-V in several parts of
the sample chamber (Fig. 2f), which is the stable polymorph of CO2 to
pressures above 100GPa.34,40. CO2-III is still present in some unheated
regions of the sample chamber (Fig. 2e). The experimental Raman spectra of
CO2-V show a strong characteristic Raman mode at ≈810 cm−1 and are in
very good agreement with our calculated Raman spectra (Table S4) in space
group I�42d (Fig. 3b). In addition, we found that laser heating at 40(2) GPa

causes the formation of a phase with a strong new Raman mode at
≈910 cm−1 (Fig. 3c). Strong Raman modes of carbonates occurring at such
low wavenumbers are typically present in sp3-carbonates such as Sr2CO4 or
Ca2CO4 and characteristic for the C–O stretching mode in a
½CO4�

4�-group17,18. From spatially resolved Raman spectroscopy we found
that the distribution of the unknown phase in the sample chamber is not
identical with the one of CO2-V (Fig. 2d, f).

We obtained synchrotron X-ray diffraction patterns on regularly
spaced grid points across the sample chamber in order to locate promising
positions for the subsequent collection of single crystal diffraction data. We
collected diffraction data suitable for single crystal X-ray diffraction analysis
using a ≈ 2 × 2 μm2-sized X-ray beam at selected locations (see SI). From
these data we solved the crystal structure of the new phase and found that it
is orthorhombic H2CO3-Cmc21 with Z = 4 (Fig. 4a).

This structure had been predicted by evolutionary algorithm in the
C–H–O ternary system (Fig. 1c), where a stability field of 44–240 GPa was
proposed6. The lattice parameters from single crystal structure data analysis
at 40(2) GPa (Fig. 4a) are a = 7.286(3)Å, b = 4.275(1)Å and c = 3.809(4)Å
(V = 118.6(1)Å3). The relatively lowR1-value of 4.6% for aDACexperiment

Fig. 2 | Sample chamber of the DAC and Raman

maps of H2CO3 and CO2 after the synthesis.

a Sample chamber of the DAC with the H2O+ CO2

mixture before the laser heating at 40(2) GPa.

b Sample chamber after heating the mixture up to a

maximum temperature of ≈1000 K. c 2D-Raman

map showing the distribution of H2CO3-Cmc21,

CO2-III, and CO2-V overlayed on a picture of the

sample chamber. Raman map of: d H2CO3-Cmc21
(≈910 cm−1), e CO2-III (≈380 cm

−1) CO2-V

(≈810 cm−1), and f CO2-V (≈810 cm−1) after laser

heating at 40(2) GPa.
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is indicative of a reliable structure refinement (see SI). Our DFT-based full
geometry optimizations accurately reproduce the experimentally deter-
mined structure and earlier predictions (Table S1)6. Furthermore, our
experimental Raman spectrum is in good agreement with the theoretical
onederived fromourDFPT-based calculations (Fig. 3c,Table S5), providing
further confirmation that the structural model of H2CO3-Cmc21 is appro-
priate at elevated pressures.

The crystal structure is characterized by polymerized ½CO4�
4�-tetra-

hedra forming infinite chains along the c-axes (Fig. 4b). The single crystal
structure determination ofH2CO3-Cmc21 is the first experimental proof for
the polymerizationof sp3-hybridized ½CO4�

2�-groups in carbonic acid. Each
of the ½CO4�

4�-tetrahedra is protonated by two hydrogen atoms. The
location of hydrogen positions is often assumed to be experimentally
challenging in high-pressure diffraction experiments. However, we
demonstrated earlier that in favorable circumstances, i.e., the absence of
strongly scattering heavy elements, the hydrogen positions can be reliably
located with our experimental approach8,41. Nevertheless, as in all X-ray
diffraction experiments, an accurate determination of the O–H distance is
often not possible, and so, in order to reduce the error associated with the
bond distance, we introduced a restraint for the O–H bond distance in our
experimental model (≈0.9Å).

At 40 GPa two of the four C–O bond distances within one
½CO4�

4�-tetrahedron (Fig. 5a) are identical (1.342(3)Å) due to symmetry
constraints, while the other two are slightly longer (1.375(5)Å/1.370(9)Å).
TheDFTmodel predictsC–Obond lengths between 1.352 and1.399Å. The
Mulliken population of the C–O bonds decrease from 0.66 to 0.55 e−/Å3

with the C–O distance. These values are indicative of predominantly
covalent bonds. Due to the polymerization of the ½CO3�

2�-groups in
H2CO3-Cmc21 to ½CO4�

4� tetrahedra, the sp3-hybridized C–O bond dis-
tances are significantly longer in H2CO3-Cmc21 than in the sp2-hybridized
½CO3�

2�-groups of hypothetical H2CO3-P21/n at 40 GPa (1.25–1.28Å)8.
The increase of theC–Obond length (≈7%) is in good agreementwith other
sp2–sp3 phase transitions. For example, Ca[CO3]-P21/c undergoes a sp

2
–sp3

transitionat 105 GPa,which is accompaniedby an increase of theC–Obond
distances from 1.228 to 1.315Å (≈7%)15. In the DFT model the covalent
O–H bond is 1.016Å long and has a Mulliken bond population of 0.53 e−/
Å3, in contrast to theO⋯Hbondwhich is 1.455Å long andhas apopulation

of 0.17 e−/Å3. At 40 GPa, the hydrogen bonds are slightly kinked (∢
O–H⋯O= 163∘) and the O–H⋯O distance is 2.444Å indicating the pre-
sence of very strong hydrogen bonds42.

We carried outDFPTcalculations in order to calculate eigenvectors for
selected vibration. Figure 5b, c shows the displacements in the H2CO3

molecule for the characteristic Raman modes at ≈820 cm−1 and at
≈910 cm−1. Both modes are due to a displacement of the hydrogen atoms
only, where in the ≈820 cm−1 the hydrogen moves perpendicular to the
covalent OH-bond, while in the ≈910 cm−1 there is also a substantial
stretching contribution. The strong Ramanmode at ≈820 cm−1 is close to a
Ramanmode of CO2-V, but a closer inspection of the peak positions of the
experimental Raman data showed that the Raman mode of CO2-V is at
≈810 cm−1while the one of H2CO3-Cmc21 is at ≈820 cm

−1. This difference
in shifts canbe resolvedexperimentally andRamanmaps showthe strongest
intensity of the two phases at different locations in the sample chamber
(Fig. 2c–f).

We used ourDFT-calculations to obtain the bulkmodulus forH2CO3-
Cmc21.We fitted an equation of state (EoS) to the p,V relation derived from
the calculations (Fig. S4) and obtained a bulk modulus of K0 = 50(2) GPa

Fig. 4 | Crystal structure of H2CO3-Cmc21 and polymerized protonated

½CO4�
4�-tetrahedra. aOrthorhombic crystal structure (Cmc21, Z = 4) of polymeric

carbonic acid (H2CO3) at 40(2) GPa from single crystal structure refinement.

b Polymerized protonated ½CO4�
4�-tetrahedra in the crystal structure of H2CO3-

Cmc21 forming chains along the c-axes.

Fig. 3 | Experimental and calculated Raman spectra before and after the synthesis

of H2CO3–Cmc21 at 40(2) GPa. a Raman spectra for the untransformed low-

pressure phase CO2-III. b Raman spectra for the high-pressure polymorph CO2-V.

c Raman spectra of H2CO3-Cmc21 after the synthesis. Experimental Raman spectra

(blue lines) were collected in the same DAC corresponding to the 2D-Raman maps

in Fig. 2c–f. DFT-based calculations (black lines) were rescaled by 1–3%.
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with Kp = 5.2(1). As expected, this is significantly higher than the one
obtained for theunpolymerized, low-pressure sp2-polymorphH2CO3-P21/n
(K0 = 14.2(4)GPawithKp = 6.1(1))8. The bulkmodulus ofH2CO3-Cmc21 is
between the relatively high bulk modulus of polymeric CO2-V
(K0 = 136(11) GPa with Kp = 3.7(4)) and the significantly lower bulk
modulus ofH2O-VII (K0 = 23.9(7)GPawithKp = 4.2(5))40,43.We found that
the compressionbehavior ofH2CO3-Cmc21 is significantly anisotropic since
stronghydrogenbonds are located at theb, c-plane (Fig. S5). Between30and
90GPa, the compression along the a-axis is ≈10%, while it is only ≈6%
along the b- and c-axes in the same pressure range.

Conclusion
In summary, we have synthesized and characterized single crystals of a
high pressure polymorph of carbonic acid H2CO3-Cmc21, obtained by a
reaction between H2O and CO2 at elevated pressures and temperatures

(≈40 GPa and ≈1000 K). This polymorph is characterized by polymerized
½CO4�

4�-tetrahedra, which form chains along the c-axis by corner-
sharing. The experimental crystal structure ofH2CO3-Cmc21 confirms the
model predicted earlier based on an evolutionary algorithm6. In addition
to the experimental description of the crystal structure, we calculated the
p, V-relation and derived parameters of the H2CO3-Cmc21 EoS. More-
over, we have provided an experimental and calculated Raman spectrum
for this compound, which will facilitate its identification in future
experiments.

Our results significantly advance the understanding of the crystal
chemistry of carbonates at high pressures, as this is only the second system,
after CaCO3

15, which is known to form linear infinite chains by corner
sharing of ½CO4�

4�-tetrahedra. H2CO3-Cmc21 is a reference point in high-
pressure research to study the influence of the hydrogen bonding on the
formation conditions and crystal structures of hydrous sp3-carbonates.
While the detailed examination of the stability field of H2CO3-Cmc21 was
outside the scope of the current study, our experimental data suggest that
H2CO3-Cmc21may occur inside theH2O-rich ice shells in ice giants such as
Uranus or Neptune, making it relevant for astrophysical research. This is
supported by the presence of H2O and CO2 in the atmosphere of the hot
Super-Neptune WASP-166b31.

Methods
The high-pressure experiments were carried out in Boehler-Almax type
diamond anvil cells (DACs)44. For the loading of the DACs, we used
bidistilled water obained from a GFL Glass Bi-Distiller and CO2-gas as
purchased (Nippon gases, purity ≥99.995%). CO2 was loaded as dry ice by
cryogenic loading into the DAC using a custom-built cryogenic loading
system (see Spahr et al.45), derived from an earlier concept developed for
similar studies46. At the target pressure of the experiment laser-heating was
performed from both sides using a custom-built set-up equipped with a
Coherent Diamond K-250 pulsed CO2 laser (λ = 10,600 nm)47. Raman
spectroscopy was performed using an Oxford Instruments WITec alpha
300R Raman imaging microscope equipped with an Olympus SLMPan N
50× objective. The measurements were performed using the 532 nm laser
and the 1800 groovesmm−1 grating of the WITec UHTS 300S (VIS-NIR)
spectrograph. Single-crystal synchrotron X-ray diffraction was carried out
at the synchrotron PETRA III (DESY) in Hamburg, Germany, at the
Extreme Conditions Beamline P02.248. The beam size on the sample was
≈2 × 2 μm2 (FWHM) using a wavelength of 0.2903Å (42.7 keV). The dif-
fraction data were collected using a Perkin Elmer XRD1621 detector. First-
principles calculations were carried out within the framework of DFT,
employing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and the plane wave/pseudopotential approach implemented in
the CASTEP simulation package49–51. We employed the correction scheme
for van der Waals (v.d.W.) interactions developed by Tkatchenko and
Scheffler52. A detailed description of the experimental and computational
methods is available in the supplementary material.

Data availability
The X-ray crystallographic coordinates for the structure reported in this
study has been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under deposition numbers 2420110 (single crystal) and 2420111
(DFT calculation). These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif. The supplementarymaterial contains additional information to
the results of the single crystal structure determination, Raman spectro-
scopy, and DFT-based calculations.

Received: 21 March 2025; Accepted: 15 July 2025;

References
1. Holleman, A. &Wiberg, E. (eds.) Lehrbuch der AnorganischenChemie

(De Gruyter, Berlin, Boston, 2008).

Fig. 5 | Geometry of a protonated ½CO4�
4�-tetrahedron and eigenvectors of the

atomic displacements of selected characteristic Ramanmodes. aGeometry of one

protonated ½CO4�
4�-tetrahedron in the crystal structure of H2CO3-Cmc21 from

single crystal structure refinement at 40(2) GPa. Eigenvector of the atomic dis-

placements in polymeric carbonic acid for the characteristic Raman mode b at

≈820 cm−1 and c at ≈910 cm−1 from DFPT calculations.

https://doi.org/10.1038/s42004-025-01614-y Article

Communications Chemistry |           (2025) 8:237 5



2. Loerting, T. et al. On the surprising kinetic stability of carbonic acid

(H2CO3). Angew. Chem. Int. Ed. 39, 891–894 (2000).

3. Moore, M. H. & Khanna, R. K. Infrared and mass spectral studies of

proton irradiated H2O + CO2 ice: evidence for carbonic acid.

Spectrochim. Acta A 47, 255–262 (1991).

4. Gerakines, P. A., Moore, M. H. & Hudson, R. L. Carbonic acid

production in H2O:CO2 ices: Uv photolysis vs. proton bombardment.

Astron. Astrophys. 357, 793–800 (2000).

5. Benz, S. et al. The crystal structure of carbonic acid. Inorganics 10,

132 (2022).

6. Saleh, G. & Oganov, A. R. Novel stable compounds in the C-H-O

ternary system at high pressure. Sci. Rep. 6, 32486 (2016).

7. Wang, H., Zeuschner, J., Eremets, M., Troyan, I. & Willams, J. Stable

solid and aqueous H2CO3 from CO2 and H2O at high pressure and

high temperature. Sci. Rep. 6, 19902 (2016).

8. Spahr, E. et al. Crystal structure of carbonic acid (H2CO3) at elevated

pressures from single crystal diffraction. Chem. Eur. J. e202501964

https://doi.org/10.1002/chem.202501964 (2025).

9. Abramson, E. H. et al. Carbonic acid monohydrate. Am. Mineral. 103,

1468–1472 (2018).

10. Hage, W., Hallbrucker, A. & Mayer, E. A polymorph of carbonic acid

and its possible astrophysical relevance. J. Chem. Soc. Faraday

Trans. 91, 2823–2826 (1995).

11. Bernard, J. et al. Spectroscopic observation of matrix-isolated

carbonic acid trapped from the gas phase. Angew. Chem. Int. Ed. 50,

1939–1943 (2011).

12. Bernard, J., Huber, R. G., Liedl, K. R., Grothe, H. & Loerting, T. Matrix

isolation studies of carbonic acid— the vapor phase above the β-

Polymorp. J. Am. Chem. Soc. 135, 7732–7737 (2013).

13. Reisenauer, H. P., Wagner, J. P. & Schreiner, P. R. Gas-phase

preparationof carbonic acidand itsmonomethyl ester.Angew.Chem.

Int. Ed. 53, 11766–11771 (2014).

14. Binck, J. et al. Phase stabilities of MgCO3 and MgCO3-II studied by

Raman spectroscopy, X-ray diffraction, and density functional theory

calculations. Phys. Rev. Mater. 4, 055001 (2020).

15. Lobanov, S. S. et al. Raman spectroscopy andX-ray diffractionof sp3-

CaCO3 at lower mantle pressures. Phys. Rev. B 96, 104101

(2017).

16. Merlini, M. et al. Dolomite-IV: candidate structure for a carbonate in

the Earth’s lower mantle. Am. Mineral. 102, 1763–1766 (2017).

17. Spahr, D. et al. Tetrahedrally coordinated sp3-hybridized carbon in

Sr2CO4 orthocarbonate at ambient conditions. Inorg. Chem. 60,

5419–5422 (2021).

18. Binck, J. et al. Synthesis of calcium orthocarbonate, Ca2CO4-Pnmaat

p,T-conditions of Earth's transition zone and lower mantle. Am.

Mineral. 107, 336–342 (2021).

19. Dartois, E., Pontoppidan, K., Thi, W.-F. &MuñozCaro, G.M. Spitzer’s

large CO2 ice detection toward the L723 class 0 object. A&A 444,

L57–L60 (2005).

20. Crovisier, J. New trends in cometary chemistry.FaradayDiscuss. 113,

375–385 (2006).

21. Crovisier, J. Recent results and future prospects for the spectroscopy

of comets.Mol. Phys. 104, 2737–2751 (2006).

22. Schiltz, L. et al. Characterization of carbon dioxide on Ganymede and

Europa supported by experiments: effects of temperature, porosity,

and mixing with water. A&A 688, A155 (2024).

23. Trumbo, S. K. & Brown, M. E. The distribution of CO2 on Europa

indicates an internal source of carbon. Science 381, 1308–1311

(2023).

24. Soderlund, K. M., Rovira-Navarro, M., Le Bars, M., Schmidt, B. E. &

Gerkema, T. The physical oceanography of ice-covered moons.

Annu. Rev. Mar. Sci. 16, 25–53 (2024).

25. Journaux, B. et al. Large oceanworldswith high-pressure ices.Space

Sci. Rev. 216, 7 (2020).

26. Kane, S. R. et al. The fundamental connections between the solar

system and exoplanetary science. J. Geophys. Res. Planets 126,

e2020JE006643 (2021).

27. Helled, R., Nettelmann, N. & Guillot, T. The fundamental connections

between the Solar Systemand exoplanetary science.Space Sci. Rev.

216, 38 (2020).

28. Lara, L. M., Rodrigo, R., Moreno, R. & Lampón, M. Analysis of the

origin of water, carbon monoxide, and carbon dioxide in the Uranus

atmosphere. A&A 621, A129 (2019).

29. Tosi, F. et al. Salts and organics onGanymede’s surface from infrared

observations by Juno/JIRAM. Nat. Astron. 8, 82–93 (2024).

30. Protopapa, S. et al. Detection of carbon dioxide and hydrogen

peroxide on the stratified surface of Charon with JWST. Nat.

Commun. 15, 8247 (2024).

31. Mayo, A. W. et al. Detection of H2O and CO2in the atmosphere of the

hot super-neptune WASP-166b with JWST. AJ 170, 50 (2025).

32. Akahama, Y. & Kawamura, H. Pressure calibration of diamond anvil

Raman gauge to 310 GPa. J. Appl. Phys. 100, 043516 (2006).

33. Aoki, K., Yamawaki, H., Sakashita, M., Gotoh, Y. & Takemura, K.

Crystal structure of the high-pressure phase of solid CO2. Science

263, 356–358 (1994).

34. Scelta, D. et al. Extending the stability field of polymeric carbon

dioxide phase V beyond the Earth’s geotherm. Phys. Rev. Lett. 126,

065701 (2021).

35. Olijnyk, H. & Jephcoat, A. P. Vibrational studies on CO2 up to 40 GPa

by Raman spectroscopy at room temperature. Phys. Rev. B 57,

879–888 (1998).

36. Pruzan, P., Chervin, J. C. & Gauthier, M. Raman Spectroscopy

investigation of ice VII and deuterated ice VII to 40GPa. Disorder in ice

VII. EPL 13, 81–87 (1990).

37. Hsieh, W.-P. & Chien, Y.-H. High pressure Raman spectroscopy of

H2O-CH3OH mixtures. Sci. Rep. 5, 8532 (2015).

38. Somayazulu, M. et al. In situ high-pressure X-ray diffraction study of

ice VII. J. Chem. Phys. 128, 064510 (2008).

39. Hansen, T. C. The everlasting hunt for new ice phases.Nat. Commun.

12, 3161 (2021).

40. Datchi, F., Mallick, B., Salamat, A. & Ninet, S. Structure of polymeric

carbon dioxide CO2-V. Phys. Rev. Lett. 108, 125701 (2012).

41. Spahr, D. et al. Synthesis and characterization of lithium

pyrocarbonate (Li2[C2O5]) and lithium hydrogen pyrocarbonate

(Li[HC2O5]). Angew. Chem. Int. Ed. 63, e202409822 (2024).

42. Nakamoto, K., Margoshes, M. & Rundle, R. E. Stretching frequencies

as a function of distances in hydrogen bonds. J. Am. Chem. Soc. 77,

6480–6486 (1955).

43. Fei, Y., Mao, H.-k. & Hemley, R. J. Thermal expansivity, bulkmodulus,

and melting curve of H2O-ice VII to 20 GPa. J. Chem. Phys. 99,

5369–5373 (1993).

44. Boehler, R. New diamond cell for single–crystal X-ray diffraction.Rev.

Sci. Instrum. 77, 115103–1–115103—3 (2006).

45. Spahr, D. et al. Synthesis and structure of Pb[C2O5]: an inorganic

pyrocarbonate salt. Inorg. Chem. 61, 9855–9859 (2022).

46. Scelta, D. et al. Sprayloading: a cryogenic deposition method for

diamond anvil cell. Rev. Sci. Instrum. 89, 053903 (2018).

47. Bayarjargal, L., Fruhner, C.-J., Schrodt, N. &Winkler, B. CaCO3 phase

diagram studiedwith Raman spectroscopy at pressures up to 50GPa

and high temperatures and DFT modeling. Phys. Earth Planet. Inter.

281, 31–45 (2018).

48. Liermann, H.-P. et al. The extreme conditions beamline P02.2 and the

extreme conditions science infrastructure at PETRAIII. J.

Synchrotron. Radiat. 22, 908–924 (2015).

49. Hohenberg, P. & Kohn, W. Inhomogeneous electron gas. Phys. Rev.

136, B864–B871 (1964).

50. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient

approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

https://doi.org/10.1038/s42004-025-01614-y Article

Communications Chemistry |           (2025) 8:237 6



51. Clark,S. J. et al. First principlesmethodsusingCASTEP.Z.Kristallogr.

220, 567–570 (2005).

52. Tkatchenko, A. & Scheffler, M. Accurate molecular van der Waals

interactions from ground-state electron density and free-atom

reference data. Phys. Rev. Lett. 102, 073005 (2009).

Acknowledgements
We gratefully acknowledge funding from the DFG (WI1232, BA4020, and

FOR2125/CarboPaT) and the DFG Emmy-Noether Program (projects

BY101/2-1 and BY112/2-1). E.B. andM.B. acknowledge the support by the

Johanna-Quandt-Stiftung. M.B. acknowledges the support by the LOEWE

program.B.W. isgrateful for support by theDassaultSystemesAmbassador

program. We acknowledge DESY (Hamburg, Germany), a member of the

Helmholtz AssociationHGF, for theprovisionof experimental facilities. Parts

of this research were carried out at PETRA III, beamline P02.2.

Author contributions
D.S., L.Ba., L.Br., V.K., L.M.W., and M.B. performed experiments. V.M. and

B.W.performedDFTcalculations.N.G.managed thesynchrotronbeam line.

B.W. and E.B. supervised the project.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains

supplementary material available at

https://doi.org/10.1038/s42004-025-01614-y.

Correspondence and requests for materials should be addressed to
Dominik Spahr.

Peer review information Communications Chemistry thanks Dominik Kur-

zydlowski and the other anonymous reviewer(s) for their contribution to the

peer review of this work.

Reprints and permissions information is available at

http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional

claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long

as you give appropriate credit to the original author(s) and the source,

provide a link to the Creative Commons licence, and indicate if changes

were made. The images or other third party material in this article are

included in the article's Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not included in the

article's Creative Commons licence and your intended use is not permitted

by statutory regulation or exceeds the permitted use, you will need to

obtain permission directly from the copyright holder. To view a copy of this

licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s42004-025-01614-y Article

Communications Chemistry |           (2025) 8:237 7


