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Carbon dioxide (CO,) and water (H,O) icy mixtures, together with a few other simple molecules, have
a prominent role in astrochemical processes. The formation of the solid 1:1 CO,: H,O adduct, carbonic
acid (H,COg3), has been long studied because of its importance in the biological and geochemical
domains. Our recent discovery of a novel, highly reproducible synthetic path to obtain crystalline
hydrated H,COs polymorphs from low temperature compression of CO, clathrate hydrate highlighted
the role of pressure in the chemistry of crystal ices. Herein, we report an extensive study about the

R 4 24th March 2025 reaction mechanism leading to this synthesis, unveiling a multi-step temperature-governed process that

eceive th Marc . . . ) . . - .

Accepted 22nd October 2025 involves the formation of carbonic acid molecules starting from about 200 K and their organisation in
a crystalline lattice at temperatures close to 270 K. In addition, the essential role played by the clathrate

DOI: 10.1039/d55c02241] in the formation of crystalline carbonic acids is clearly highlighted, while the entire process meticulously
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Introduction

Ices are widespread across the solar system, with an increasing
presence and consequently a more prominent role as we move
farther from the Sun. Water ice is the most abundant frozen
molecule followed by, depending on the nature and origin of
planets and satellites, methane, ammonia, carbon dioxide,
carbon monoxide, nitrogen, methanol and others." These
volatiles generally produce icy mixtures existing in many
different forms. One component can be randomly dispersed as
isolated molecules or small clusters within the crystalline or
amorphous domains of the prevalent species, but larger crys-
talline mixed domains are also possible as well as hydrate
phases.”> Among the latter, an important class of crystalline
water based structures thought to be common in the interior of
several planets and satellites are clathrate hydrates.® In these
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mimics what can occur during the subduction of icy materials.

crystalline polymorphs, water molecules are hydrogen bonded
to form polyhedral cages stabilised by the repulsive interactions
with the guest molecules hosted inside, and bonded together to
create a regular three-dimensional array. We focus our attention
on carbon dioxide, which is the most abundant carbon bearing
species in the solar system, and is present almost everywhere
from Mercury to the trans-Neptunian objects.*® Despite the lack
of spectral evidence for the presence of CO, clathrate hydrates
on these planets’ outermost layers, from a thermodynamic
point of view, they are stable at (or close to) the surface of many
cold natural objects: in the crust, in the underlying oceans or in
ice caps.’

These icy mixtures are thought to be, at least in part, the
starting materials from which many organic molecules detected
on the surfaces or in the atmospheres are derived.'**> Among
the species having an astrobiological relevance, carbonic acid
occupies a prominent position playing an important role in
many biological and geochemical processes.'*'* Its presence
has been suggested in different astronomical environments
characterised by the simultaneous presence of water ice and
CO, (ref. 15-19), but only recently the carbonic acid molecule
has been detected in the Galactic Center.”* Many laboratory
experiments* have reported carbonic acid as a major product of
low temperature irradiation of icy H,0O/CO, mixtures by
protons,*>** vacuum UV photons,**** and electrons.”®*” Besides
these energetic processes, the formation of H,CO; was also re-
ported in low temperature reactions of CO molecules with non-
energetic hydroxyl radicals.”® All these experiments mimic the
conditions that can be found at the surfaces of planets and

Chem. Sci., 2025, 16, 22769-22780 | 22769


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc02241j&domain=pdf&date_stamp=2025-11-30
http://orcid.org/0000-0002-9022-6163
http://orcid.org/0000-0002-4856-0125
http://orcid.org/0000-0002-9553-7788
http://orcid.org/0000-0002-5688-6272
http://orcid.org/0000-0002-7375-3666
http://orcid.org/0000-0002-6746-696X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02241j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016047

Open Access Article. Published on 22 October 2025. Downloaded on 3/19/2026 2:04:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

satellites overlooking all the reactions that can be induced by
a pressure increase. The latter can be roughly divided into two
main classes depending on the temperature conditions:
moderate pressures and low temperatures are relevant in geo-
dynamic crustal processes, while high pressures and high
temperatures enclose reactions occurring in the depth or in
surface impact events.***° To the second class belong two recent
experiments where a fluid mixture of H,O and CO, was heated
at pressures of few gigapascals resulting in the synthesis of
crystalline carbonic acid. In one case, the fluid mixture was laser
heated in a diamond anvil cell (DAC) up to 1500 °C between 1.5
and 4.6 GPa;*' milder temperature conditions, 150 °C, were
instead employed for heating resistively the diamond anvil cell
at 6.5 GPa.** All these conditions are consistent with those
encountered in subsurface oceans,**** thus demonstrating that
alternative routes to photoirradiation are feasible. In one of
these experiments, Abramson et al. were able to grow single
crystals, which allowed the refinement of the crystal structure to
a triclinic unit cell (P1 space group) containing two water and
two carbonic acid molecules.®® This is the first identified crystal
structure, which they labeled as S3, containing the H,COj;
molecule, since the compound synthesised at low temperature
and low pressure, and indicated as 8, has been characterised
only by spectroscopic techniques.***¢*** Another phase, labelled
as «, was also claimed on the basis of spectroscopic data*®** but
later demonstrated to be a monomethyl ester of H,CO3;.*>*
Recently, a high-pressure (1.85 GPa) neutron-diffraction study
on D,CO; has suggested an anhydrous monoclinic structure,
with the space group P2,/c and Z = 4, where the molecules form
dimers with a symmetric double H-bond, leading to the
formation of molecular stripes along the monoclinic b axis.**
Computational studies report a huge stability of anhydrous
crystalline carbonic acid up to pressures of a few Mbars, which
are characteristic of the interiors of giant planets, all of them
agreeing on an orthorhombic Cmc2; crystal structure.*>*” All
these studies evidence a marked tendency of carbonic acid to
polymorphism, also considering the possibility to have anhy-
drous or hydrate phases.

Recently, we have reported the formation of three different
carbonic acid crystalline polymorphs through the low temper-
ature compression of CO, clathrate hydrate.*® These results are
particularly important because the reaction occurs without the
need for high temperature or irradiation, mimicking the
conditions that can characterise a subduction process. The
different crystalline polymorphs were detected after the loading
and the sealing in a DAC of CO, clathrate hydrate at about 100
K. The pressure to which the sample is subjected during this
process depends on the force applied for sealing the sample and
on the diamonds employed, so that it can vary from few kbars to
some GPa. Once the sample reached ambient temperature, we
encountered different scenarios depending on the pressure
value. Below 2.7 GPa, we found only the characteristic Raman
features of liquid (or solid) H,O and CO,, thus indicating the
decomposition of clathrate hydrate. Above 2.7 GPa, we instead
observed the formation of different polymorphs of carbonic
acid. Between 2.7 and 4.8 GPa, the Raman spectrum unambig-
uously indicates a crystal structure different from those found
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so far, while above 4.8 GPa we always obtained an amorphous
phase. The latter phase converted into a crystalline structure
once decompressed between 5 and 7 GPa at temperatures of 300
and 380 K, respectively. The diffraction pattern of this phase,
which we called ¢, was refined using the P1 space group
proposed by Abramson et al.** In addition, this structure also
accounts well for the observed lattice phonon spectrum and for
the presence of O-H stretching modes due to water molecules.
This phase is extremely stable upon compression (up to at least
50 GPa) and heating (about 500 K). The structure forming
between 2.7 and 4.8 GPa, which we called g, presents
a different diffraction pattern, a lower number of lattice phonon
modes and no O-H stretching bands, indicating an anhydrous
structure or water molecules arranged in a disordered manner.
In addition, this phase irreversibly converts into the & phase
upon heating above 400 K, thus clarifying its metastable char-
acter. Different questions arise from this study. First of all,
which mechanism leads to the formation of carbonic acid
molecules, and especially to their arrangement in a crystalline
ordered structure? Is it due to the anisotropic stress to which
the CO, clathrate hydrate is subjected during the low temper-
ature compression or is it intrinsic to the density conditions
realised? Does the formation of carbonic acid require CO,
clathrate hydrate as a starting material or a CO,-H,O icy
mixture is sufficient?

We have tried to answer these questions by gradually com-
pressing CO, clathrate hydrate crystals along specific low
temperature isotherms in order to unveil the conditions of
carbonic acid molecule formation and of their arrangement in
a crystal. In addition, the structural characterisation of the &,
phase has been achieved, showing that it is a kinetically trapped
intermediate structure toward the ¢ phase.

Results and discussion

The formation mechanism of crystalline carbonic acid
polymorphs

In order to study the conditions leading to the formation of
crystalline H,CO; from CO, clathrate hydrate, we loaded the
latter into membrane driven diamond anvil cells at about 77 K,
as described in the Methods section (Section SI-1 of the SI).** All
the loadings generally ended at a final pressure, at ambient
temperature, between 3.5 and 4.5 GPa. As expected, upon
closing the DAC, the pristine clathrate hydrate underwent
a transformation to a mixture of &.,,-H,COj3;, CO,-I and ice-VIL,*®
once the ambient temperature was recovered. The samples were
then decompressed to pressures between 0.1 and 0.5 GPa,
where both H,0 and CO,, the only compounds still present after
H,CO; decomposition at about 2.7 GPa, were fluids. The
decompressed samples were then subjected to isobaric cooling
down to temperature conditions, where depending on the
pressure the CO, clathrate hydrate was expected to start
nucleating.>*>*

Fig. 1, panel a, shows a portion of the CO, clathrate hydrate
phase diagram (orange lines) superimposed onto those of pure
H,O0 (dashed blue lines) and CO, (purple line). The red star
marks the p,T conditions under which the clathrate hydrate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Formation of CO, clathrate hydrate during the isobaric cooling of a fluid mixture of H,O and CO,. Panel (a) phase diagrams of CO,
clathrate hydrate (orange, from data of Bollengier et al.*?), H,O (blue dashed lines, from ref. 56) and CO, (solid purple line, from ref. 57). The cyan
circles highlight the experimental points taken upon cooling, while the red star marks p,T conditions under which the CO, clathrate hydrate
nucleation occurs. Panel (b) microphotographs of a typical sample during crystal nucleation: (i) at 0.52 GPa and 292 K; (ii) at 0.44 GPa and 271.5K;
(i) at 0.38 GPa and 239.9 K; (iv) at 0.1 and 135.1 K. Panel (c) Raman spectra acquired in the lattice phonon mode region upon cooling. Panel (d)
Raman spectra acquired in the Fermi resonances Q" and Q™ in CO,, mixed CO, and CO, clathrate, and pure CO; clathrate regions at 0.45 GPa

and 260.5 K. Spectra are vertically shifted for the sake of clarity.

described below is obtained upon cooling (0.48 GPa and 271 K).
As it can be seen from the sequence of microphotographs re-
ported in panel b of Fig. 1, the formation of CO, clathrate
hydrate is accompanied by an evident change of aspect in the
sample, whose texture transforms from being fully transparent
when it is in the fluid phase (i) to the appearance of opaque
solid regions (ii), which further extend until they occupy the
entire sample area (iii and iv). The formation of CO, clathrate
hydrate is attested by Raman spectra (panel c in Fig. 1) collected
upon cooling the sample. Once the sample changes its visual
aspect, a lattice phonon mode, perfectly compatible with
a lattice phonon mode of sI clathrate hydrates, appears at about
225 cm™ 5% Contextually, in different regions of the sample,
different spectra related to the CO, Fermi resonance®-* are
observed, as shown in panel d of Fig. 1. The two Fermi bands Q"
and Q for pure CO,, respectively, centred at 1385.7 and
1277.7 ecm™ " (with a Av of about 108 cm ™", as expected for pure
CO,), are accompanied by two weaker and broader low
frequency shoulders centred at 1381.1 and 1276.2 cm™ " (with

© 2025 The Author(s). Published by the Royal Society of Chemistry

a Av of about 105 em ™ "), featuring FWHMSs compatible with the
ones reported for CO, clathrate hydrate (6 and 8 cm™*,** to be
compared to the sharper bands from pure CO, Fermi reso-
nances, having FHWMs of about 2.5-3 cm™') and that we
therefore assigned to the CO, encaged in the sI clathrate
hydrate. Pure CO, is detected in the round-shaped regions of
the sample close to the gasket border, where in fact only the
Fermi resonance bands for pure CO, are observed. In the same
way, where no CO, excess is present, only the Q" and Q™ bands
related to CO, in clathrate hydrate are found.

Once the CO, clathrate hydrate nucleated, the sample was
cooled down to a target temperature (in this case, 130 K). This
temperature was chosen to mimic the condition under which
the clathrate samples, synthesised ex situ, were loaded into the
DAC. Once the temperature of 130 K was reached, the samples
were isothermally compressed up to the target pressure (3.5
GPa) and then isobarically heated to room temperature to fully
reproduce the p,T cycle to which the samples were subjected to
after a typical loading.

Chem. Sci., 2025, 16, 22769-22780 | 22771
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Fig.2 Top: Microphotographs of the sample during the isothermal compression of CO; clathrate hydrate. (i) 0.3 GPa and 140.5 K; (ii) 1.3 GPa and
139.6 K; (iii) 1.8 GPa and 136.8 K; (iv) 3.6 GPa and 139.3 K. Bottom: Panel (a) phase diagrams of CO, clathrate hydrate (orange, constructed from
data of Bollengier et al.*), H,O (blue dashed lines, from ref. 56) and CO, (solid purple line, from ref. 57). The circles indicate experimental points
taken upon cooling and isothermal compression in the sl (cyan) and amorphous (magenta) phases. Panel (b) Raman spectra acquired on the
sample upon isothermal compression in the low frequency region (left) and in the Fermi resonance region (right) under corresponding p,T

conditions. Spectra are vertically shifted for the sake of clarity.

Fig. 2 reports a sequence of Raman spectra acquired during
the low temperature compression, together with a phase
diagram showing the actual p,T points at which the sample was
investigated and a selection of microphotographs acquired at
various stages. The lattice phonon band assigned to the sI CO,
clathrate hydrate progressively weakens upon compression
(panel b of Fig. 2) to vanish above 1.6 GPa (where the CO,
clathrate hydrate was reported to decompose - from literature
data®**?). Simultaneously, the low frequency region of the
spectrum changed drastically with the appearance of an
unstructured band which intensifies and broadens upon
compression. The progressive weakening of the lattice phonon
mode of the clathrate hydrate is accompanied by an evident
broadening and weakening of the Fermi resonances bands, and
especially of Q™ that vanishes around 1.5 GPa. With regard to
the fate of CO, clathrate hydrate upon low temperature
compression, no clear indication of any phase transition from
the sI phase to the suggested HP phase was obtained in our
experiments as instead reported by Hirai et al.* (see Fig. SI-1 for
more details). This led us to consider that, at least at 130 K, the
CO, clathrate hydrate remains in its sI structure up to
a maximum pressure of about 1.6 GPa, where amorphisation
takes place. This structural change is also highlighted by a clear
modification of the sample appearance (see microphotographs
in Fig. 2), which transforms from a grained appearance (i and ii)
to a progressively more uniform and transparent one (iii and iv).

22772 | Chem. Sci, 2025, 16, 22769-22780

In the last step of the p,T cycle, the sample isothermally
compressed up to 4 GPa at about 130 K was isobarically heated
back to room temperature. Fig. 3 reports the sequence of
Raman spectra acquired during isobaric heating, together with
a phase diagram showing the actual p,T points measured and
a selection of the most significant microphotographs taken on
the sample.

The first important spectral modification in the sample is
observed around 200 K, where a broad and initially weak band
appears at about 1050 cm™'. The intensity of this band
increases upon heating, becoming clearly visible at about 206 K
(green trace in Fig. 3, panel b). This band is suggestive of the
formation of H,CO; molecules, and it is by far the most intense
band in the carbonic acid polymorphs spectra,****® assigned to
the C-O/C=0 stretching mode. This interpretation is further
supported by the simultaneous disappearance of the CO, Fermi
dyad. Significantly, together with the progressive sharpening
and strengthening of the C-O/C=0 stretching band, a clear
weakening of the broad low frequency Raman band centred at
about 100 cm ™' is observed. Sharp peaks emerge in this low
frequency region when the temperature overcomes 273 K,
attesting to the formation of an ordered lattice. The resulting
spectrum perfectly agrees with that of the lattice phonons of the
&m phase.”® On subsequent heating to room temperature, the
lattice phonon bands further sharpen, while the intense C-O/
C=0 stretching mode band, initially quite broad, assumes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Top: Microphotographs of the sample during the isobaric heating of the amorphous phase upon g,-H>COs3 synthesis. (i) 4.0 GPa and
206.5 K; (ii) 4.1 GPa and 277.5 K; (iii) 4.1 GPa and 278.1 K; (iv) 3.8 GPa and 285.5 K. Bottom: Panel (a) phase diagrams of CO, clathrate hydrate
(orange, constructed from data of Bollengier et al.**), H,O (blue dashed lines, from ref. 56) and CO, (solid purple line, from ref. 57). The circles
highlight experimental points taken upon cooling and isothermal compression in the sl (cyan) and amorphous (magenta) phases and subsequent
isobaric heating. The blue star marks the appearance of the band related to C-O/C=0 stretching modes in H,COs, while the green star marks
the appearance of lattice phonon modes ascribable to g,,-H,COs3. Panel (b) Raman spectra acquired on the sample upon isobaric heating in the
low frequency region (left) and in the Fermi resonance region (right) under corresponding p,T conditions. The sharp doublet observable just
below 800 cm™t is due to the ruby fluorescence. Spectra are vertically shifted for the sake of clarity.

the shape already observed in previous experiments,*® centred
at about 1070 cm ™" and featuring a broad, weak low frequency
shoulder. No bands are observed at room temperature in the
Fermi resonance region, thus attesting to the absence of free
CO, in the &,,-H,CO; rich portion of the sample (see panel b of
Fig. 3). The quality of the spectrum (further shown in Section SI-
2 of SI and particularly in Fig. SI-2 and SI-3) is so high that
a phonon mode, not reported previously,*® has been observed at
26.9 cm ™. In addition, the spectral region between 600 and
900 cm " is well resolved, making it possible to follow the
pressure evolution of the three internal modes detected here
(see Fig. SI-3). As a final consideration, the nucleation of &p,-
H,COs is clearly visible also from the visual observation of the
sample (see microphotographs on top of Fig. 3): upon
progressive heating, the sample transforms from opaque (i) to
grainy when the formation of the crystal begins (ii) (at 4.1 GPa
and 277.5 K), becoming evidently polycrystalline once it reaches
ambient temperature (iii and iv).

These results have been reproduced in all the experiments
we performed and where the clathrate hydrate was successfully
synthesised. As described in detail in Section SI-3 of the SI, the
attainment of the clathrate hydrate was influenced by the
eventual excess of CO, which seems to make the hydrate
nucleation more and more difficult with increasing pressure.

© 2025 The Author(s). Published by the Royal Society of Chemistry

This aspect is particularly relevant because the formation of
CO, clathrate hydrate is needed to produce crystalline &,-
H,CO; at the end of the p,T cycle. In fact, over a number of
experiments, only the ones where CO, clathrate hydrate was
efficiently synthesised at low temperature and low pressure
ended in the formation of crystalline &,,,-H,COj; (see Fig. 3 and
SI-7). In contrast, when we subjected intimately mixed CO, and
H,O0 ices to the same p,T cycle, we only observed the appearance
of the band related to the C-O/C=0 stretching mode of the
H,CO; molecules and with a very modest intensity (see Fig. SI-
8), thus indicating a minimal formation of H,CO; molecules
likely limited to the boundaries between CO, and H,O grains.

The Raman results have been complemented and fully
confirmed by a synchrotron diffraction experiment (Xpress -
ELETTRA, 1 = 0.49568 A) where we followed exactly the same p,T
path as in the Raman experiments. Once the CO, clathrate
hydrate was synthesised at about 0.4 GPa, we cooled it iso-
barically down to 135 K, then we compressed it isothermally up
to 4 GPa, and finally heated it isobarically up to ambient
temperature. Representative XRD patterns acquired on the
sample during the entire cycle are presented in Fig. 4. The
diffraction pattern of the sI phase is observed almost unaltered
up to 1.6 GPa, the same pressure range where we also detected
the lattice phonon of the clathrate hydrate. At this pressure, the

Chem. Sci., 2025, 16, 22769-22780 | 22773


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02241j

Open Access Article. Published on 22 October 2025. Downloaded on 3/19/2026 2:04:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
| 1 l L | 1 I L I L
|37 GPa 131K I B Al I
—~ - -
= . - o s/ N
S | ] 45GPa, 294K =
: k9] 9] S
£ |29GPa, 131K \—E, ] = \ }‘ [ o
© S = S - =
~ < | |46GPa, 287K < | O
> 9] ]
= | = | il FOGRERPEESNIE R
73] @ 14.4GPa, 278K @ L D
C O 4}
O = - = | C
£ [1.0GPa 131K s s 2
— -1 %) - 1 w0 u E
0.3GPa, 131K I ’ b 3
|0.5Gpa, 268 K | =
I 43.7GPa, 131K B
| 11| o i i
T T T T T T T T T T I T
1 2 3 4 1 2 3 4

QA™

QA"

Fig. 4 Azimuthally averaged XRD patterns acquired during the isobaric (0.5-0.3 GPa) cooling of the CO, clathrate hydrate and subsequent
isothermal (131 K) compression up to about 4 GPa (left panel) and along the isobaric (4—4.5 GPa) heating up to ambient temperature (right panel).
Yellow squares, cyan circles and green triangles, respectively, mark Bragg peaks from CO,-|, ice-VIl and g,,-H,COs3. The two additional peaks
visible in the patterns recorded at 2.9 and 3.7 GPa (131 K) and highlighted by black asterisks are likely remnants of the hydrate crystal phase. The
peaks in the first pattern on the bottom of the left panel (black curve, 0.5 GPa at 268 K) were indexed as the sl phase of CO, clathrate hydrate.”
Upon compression, Bragg peaks from CO,-I and, occasionally, ice-1l become visible. The yellow highlighted area covers the Q region where the
very intense diffraction signal from the gasket material (stainless steel) was dominating the diffraction patterns. The background has been
subtracted to remove the contribution from the Kapton windows of the cryostat.

diffraction peaks of CO, clathrate hydrate are replaced by
a weak, broad and unstructured band centred at a d-spacing of
about 2.7 A, which nicely resembles the FDP (First Diffraction
Peak) of amorphous ices, especially VHDA (Very High Density
Amorphous), at 85 K,*** thus supporting the clathrate hydrate
amorphisation. Clathrate hydrate amorphisation has been re-
ported for several systems: THF,*>*" dioxolane,** cyclo-
butanone,® CH,4,%** C,H,,* Ar and Xe.®® Molecular dynamics
simulations have provided structural models for some of these
systems®*” and also for CO, hydrate,*® for which no experi-
mental data have been available so far. All these studies
consistently indicate that guest molecules remain nearly local-
ized in their clathrate positions, preserving short- and medium-
range correlations and preventing the decomposition of the
mixed amorphous ice. This feature is crucial for the reaction, as
it maintains a homogeneous distribution of CO, molecules
within the water ice matrix. The broad FDP is observed
substantially unaltered during the heating cycle up to 277 K,
where seven sharp peaks suddenly emerge in the 2.65-2.19 A
d range. The appearance of these sharp peaks, together with the
simultaneous reduction in intensity of the broad amorphous

22774 | Chem. Sci, 2025, 16, 22769-22780

peak, suggests the crystallization of at least part of the sample.
All emerging peaks fall within the FDP, closely mirroring what is
observed in pure ice,***>”° possibly indicating the formation of
metastable forms of pure or mixed ice. At 278 K, the same
temperature at which the lattice phonon modes appeared in the
Raman spectrum, the diffraction pattern drastically changes
with the appearance of the characteristic diffraction peaks of
em-H,CO3 and the disappearance of all the other features with
the only exception of those relative to CO,-I. A detailed view of
the changes occurring between 273 and 287 K is reported in
Fig. SI-9 in the SI.

Another important issue concerns the stability of CO,
clathrate hydrate upon compression at low temperature. The
transition from the sI to the high pressure (HP) structure is
reported in the range of 0.4-0.7 GPa,****”> even though only
Hirai et al.*® reports this transition below 150 K. We did not
observe any indication of a phase transition occurring between
0.1 and 1.6 GPa during the low temperature (130 K) compres-
sion neither spectroscopically nor from X-ray diffraction. On the
other hand, a clear change in the Raman spectra in the visual
aspect and in the diffraction pattern of the compressed samples

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Left panel: Azimuthally averaged XRD patterns acquired (A = 0.3738 A) on &,-H,COs along a room temperature compression up to
17 GPa. The patterns have been normalised to the most intense peak and vertically translated for the sake of clarity. The red triangles highlight
regions in the XRD patterns where extra peaks are observed above 12 GPa. Right panel: Portion of a 2D diffraction image from the ¢,,-H,CO3 at

3.4 GPa, highlighting the good quality of the g,-
unit cell are highlighted by orange arrows.

was observed above 1.6 GPa. In the Raman spectrum, the CO,
clathrate hydrate lattice phonon mode progressively di-
sappeared and, contextually, a broad and non-structured band
arose at a very low frequency, blue-shifting upon increasing
pressure. In the diffraction pattern, these spectroscopic
changes combine with the appearance of a broad feature
common in amorphous ices. Therefore, while no indication of
a phase transition occurring in the clathrate hydrate has been
obtained, it is evident that the low temperature compression
leads to an amorphous compound, likely characterised by
a short range order as attested by the broad structure (density of
states) in the low frequency range of the Raman spectrum. The
pressure induced amorphisation (PIA) of clathrate hydrate is
largely studied, especially for its link to the conversion of ice-Ij,
into low-density or high-density amorphous phases (LDA or
HDA),162:65¢7.73-75 and it is usually reported in clathrate hydrates
along low temperature compression, at various pressures
depending on the hosted molecules.®**® In the course of PIA,
a collapse of the water cages is observed, somehow preserving
a spatial correlation among the guest molecules.®**™* As
a matter of fact, while H,CO; molecules also form when the
solid CO,-H,0 mixture is compressed, thus indicating that
density rules the reactivity, &,,-H,CO; efficiently nucleated only
where the crystals of CO, clathrate hydrate were previously
observed. This suggests that a pre-existing ordering of CO, and
H,0 molecules plays a significant role in favouring a periodic
distribution of H,CO; molecules needed to obtain the g,
structure upon temperature annealing.

© 2025 The Author(s). Published by the Royal Society of Chemistry

H,COs powder and a detail of the diffraction patterns where the extra peaks related to the P2/m

The process leading from CO, clathrate hydrate to the
formation of crystalline carbonic acid can be therefore divided
into two distinct steps. The first step regards the formation of
H,CO; molecular units through the density-driven reaction
between CO, and H,O molecules, as obtained from the low
temperature compression of CO, clathrate hydrate. This step
occurs both in the amorphised clathrate hydrate and at the
grain boundaries of crystalline ice and CO,. In the second step,
which is observed only when the clathrate hydrate has been
efficiently crystallised, a temperature driven long-range order is
established among the H,CO; molecules, thanks to the
increasing amplitude and population of the phonon lattice
modes, shaping the actual crystal structure. This also explains
why, in the absence of CO, clathrate hydrate, only a few and
isolated H,CO3; molecules are obtained (see Fig. SI-8): H,COj3
molecules form where CO, and H,O are in close contact, but the
lack of a fine mixing of the two reactants prevents their orga-
nisation into an ordered crystalline structure.

The g, phase of H,CO;

The pressure evolution of €, samples, synthesised according to
the procedure described above, has been characterised by
synchrotron X-ray diffraction (ESRF, A = 0.3738 A). Fig. 5 reports
a sequence of XRD patterns acquired on the sample during
a room temperature compression up to 17 GPa.

Exploiting the small spot sizes (varying between 0.7 and 3.0
um) available at the ID27 beamline at ESRF,”® we measured XRD
patterns across a square mesh on the sample. The patterns were

Chem. Sci., 2025, 16, 22769-22780 | 22775


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02241j

Open Access Article. Published on 22 October 2025. Downloaded on 3/19/2026 2:04:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

Intensity (arb. unit)

. 3.45 GPa .

experimental |-

—— calculated
—— background
— difference -
| ¢ -H,CO,
| CO
[ lce-VI

QA"

Fig.6 Example of Le Bail refinement performed on the powder pattern of ,,-carbonic acid in the DAC at 3.45 GPa (1 = 0.3738 A). The cell was
previously indexed to a P2/m symmetry using GSAS-II, and Le Bail refinement was performed using this monoclinic unit cell. The obtained cell
parameters at 3.45 GPa are a = 2.8671(3) A, b = 10.418(1) A, ¢ = 12.691(2) A, 8 = 139.9781(8)° and V = 243.77(5) A>. The black ticks indicate the
expected reflections of the P2/m unit cell (Miller indices, peak positions and relative intensities are tabulated in Section SI-5 of the Sl). Red and
cyan ticks mark the expected reflections of CO,-1 and ice-VII, respectively.

textured, which shows that the sample is polycrystalline with
fine grains of sizes in the order of 1 um (see the portion of 2D
diffraction image presented on the top of right panel of Fig. 5).
Analysing the powder patterns over a number of different runs,
we detected some differences among various &, samples, as
shown in Fig. 5 (bottom right panel). As it can be easily
observed, within a pattern nicely resembling that of €, struc-
ture, some weak extra peaks (highlighted by arrows in the right
panel of Fig. 5) appear. The XRD patterns where these peaks
were not present have been indexed to a monoclinic unit cell
(I2/m) using GSAS-IT”” and then analysed through the Le Bail
method. The patterns where the extra peaks were observed have
been assigned instead to a P2/m unit cell. Fig. 6 presents an
example of Le Bail extraction of a P2/m low pressure pattern.
In the runs characterised by excellent powder quality, only
reflections associated with the I2/m crystal phase were observed at
lower pressures (up to 5.5 GPa). Upon increasing the pressure,
additional low-intensity peaks attributable to the P2/m phase
became visible. At higher pressures, however, these peaks di-
sappeared in the background noise due to the overall peak
broadening. The only difference between these two structures lies
in the body centering of the 12/m unit cell, thus the observation of
a P2/m structure can be related to a slight molecular displace-
ment. For this reason, we can explain the concurrent presence of

22776 | Chem. Sci., 2025, 16, 22769-22780

these crystal structures as due to the introduction of an external
stress (i.e., compression). Since one of the samples predominantly
exhibited the I2/m phase at low pressure and only barely detect-
able P2/m reflections at intermediate pressures, we indexed this
run as I2/m, considering the former as a trace contaminant. In
contrast, the other sample displayed intense and sharp reflections
corresponding to the P2/m phase, and was therefore successfully
indexed in this symmetry. In spite of these differences in phase
assignment, both compression experiments yielded nearly iden-
tical results for the pressure evolution of the unit-cell volume and
lattice parameters. In Fig. 7, we present the evolution with pres-
sure of the refined lattice parameters a, b, ¢, and § and the unit
cell volume V. The first thing to be noticed is that, if compared to
the pressure evolution of the cell parameters obtained for the e-
carbonic acid and reported elsewhere,* the lattice parameters do
not show any discontinuity upon increasing pressure in corre-
spondence to the pattern changes observed for the stable poly-
morph ¢ above 9 GPa. No phase transition was observed, but
a general worsening of crystal quality upon compression. The
collected XRD patterns underwent a clear broadening accompa-
nied by the appearance of a few extra peaks above 12 GPa, as it can
be seen for Q values of about 1.9, 4.5 and 5.3 A™* (see Fig. 5). While
the 8 angle value is not much affected by the compression, @ and ¢
unit cell parameters tend to vary slightly more than the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for the runs in Section SI-5 and Tables SI-1 and SI-2.

b parameter (see also Fig. SI-10). The unit cell volume at 7.4 GPa is
224.2(1) A%, only slightly lower if compared to that measured for
the & polymorph at analogous pressure (235.14(4) A®). This
information is of paramount importance to define the crystal
structure of the metastable ¢,, phase. In fact, the missed obser-
vation of high frequency —~OH stretching bands, instead observed
in the € phase, together with the detection of half of the lattice
phonon modes of the & phase, let hypothesise a possible anhy-
drous phase. Obviously, this contrasts with a volume almost
identical to that of a crystal structure, e-H,CO;, containing two
H,0 and two H,CO; molecules per cell, and it is compatible with
the picture of g,, containing disordered H,O molecules rather
than no water at all, as previously speculated.”® The Le Bail
extraction of the patterns becomes increasingly difficult above
11.6 GPa, likely also because of the sluggish I-1II phase transition
of excess CO, present in the sample.

Conclusions

In this study, we addressed a fundamental problem in solid-state
chemistry concerning the pressure- and temperature-induced

© 2025 The Author(s). Published by the Royal Society of Chemistry

heterogeneous solid-solid reactions in simple ices. Specifically,
we investigated the conversion of CO, clathrate hydrate into
a hydrated polymorph of carbonic acid through a low temperature
(100-200 K) compression (<4 GPa). The choice of these species
directly stems from their relevance in astrochemistry since the p,T
conditions where the formation of H,CO; polymorphs have been
observed are close to the thermodynamic conditions character-
izing the surfaces and first crustal layers of several icy satellites and
planets where CO, and H,O can be found. By simulating
a subduction process of the clathrate through compression at
temperatures typical of the icy surfaces of outer solar system
planets and satellites, we observed the transformation of CO,
clathrate hydrate into the ¢, phase of carbonic acid.

This phase was recently and accidentally discovered, along
with other hydrated polymorphs of carbonic acid, following the
cold loading of CO, clathrate in a diamond anvil cell.*® In this
work, we attempted to reproduce the presumed p,T pathway
followed during the cold loading in order to understand the
reactive steps leading to the H,CO; crystalline polymorphs
formation. To do that, we first synthesised the clathrate in the
cell, which was then isobarically cooled at low pressure, and

Chem. Sci., 2025, 16, 22769-22780 | 22777
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subsequently compressed at low temperatures, monitoring all
these phases by both Raman spectroscopy and X-ray diffraction.
In doing so, we were able to reveal the mechanism by which the
transformation occurred. First and foremost, the presence of
clathrate is essential for the final formation of the crystalline
phase of carbonic acid. When a mixture of ice and CO, is used
instead, only a small quantity of carbonic acid molecules is
observed likely forming at the grain boundaries of the two
species. The transformation occurs in two steps. In the first
step, driven by pressure alone, molecule formation is observed
at temperatures around 200 K and pressures between 3 and
4 GPa. The intensities of the Raman bands associated with the
internal modes of carbonic acid increase with temperature,
indicating the progress of the chemical transformation. The
second step, occurring around 273 K, involves the formation of
the crystalline lattice, as revealed by the appearance and
subsequent intensification of the characteristic diffraction
peaks of the ¢, phase and by the relative lattice modes. The
necessity of using clathrate hydrate as the starting material
arises from the fact that only in this way the reacting mixture
contains an almost homogeneous and periodic distribution of
CO, molecules, which appears as a prerequisite for the subse-
quent &, crystal formation. It is also important to highlight that
the cold compression of clathrate does not show evidence of the
sI-HP transition previously reported below 1 GPa. Conversely,
the sI phase is stable or metastable up to 1.6 GPa where the
amorphisation of the clathrate is observed. The characteristics
of this amorphous phase are extremely intriguing because
a strong and unstructured Raman intensity at low frequencies
suggests a short-range order, a property that could be crucial for
the lattice ordering following the chemical reaction.

Finally, the &,-H,CO; phase obtained in these experiments
was further characterised as a function of pressure through
synchrotron X-ray diffraction. The unit cell can be indexed at
lower pressures as monoclinic 12/m, eventually distorted to P2/m
upon compression. The equation of state and lattice parameters
were obtained through Le Bail refinement. The volume of this
metastable phase is almost identical to that of the thermody-
namically stable ¢ phase, thus indicating that ¢, also features
two disordered water molecules per cell, thus representing
a kinetically trapped intermediate phase.

Besides the implications in fundamental chemistry, the
results of this study can be highly significant from the
perspective of modelling the composition and the chemistry
occurring in remote icy worlds also in the absence of irradia-
tion, thus expanding beyond the photochemistry of cold
surfaces the processes to be considered in order to increase our
understanding of the chemistry occurring in these extraterres-
trial environments.
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