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SO2 is a molecule of significant industrial and geochemical importance, known for its role in sulphuric
acid production and its natural occurrence in volcanic processes. Recent studies have revealed
pressure-induced amorphisation and the formation of polymeric amorphous phases in SO2,
behaviours analogous to those observed in other fundamental molecular systems such as CO2, N2,
and CS2. Here, we identify a mixture of polymeric SO2 phases, with space groups Ama2 (Z = 2) and
Pmc21 (Z = 8), the latter a homologue of γ-SeO2, as the crystalline parents of the previously reported
threefold-coordinated amorphous SO2 observed above 25 GPa. These phases were characterized
using a combination of advanced synthesis and refined high-pressure loading techniques, alongside
x-ray diffraction, Raman, and infrared spectroscopy. Structural assignments were further supported
by numerical predictions of candidate crystal structures. Notably, the Ama2 and γ-SeO2-like phases
exhibit in the pressure region 20–60 GPa the lowest and near-degenerate enthalpies, Ama2 being
stable below 25 GPa and γ-SeO2-like above 25 GPa. Both phases feature distinctive W-shaped
polymeric units, a structural motif identified long ago at ambient pressure in the rare-mineral
Downeyite (SeO2), but the stacking of chains is different and pressure-dependent.

Polymers, largemacromolecules composedof repeatingmolecular units, are
integral to modern society, with applications spanning industry, biomedi-
cine, and emerging technologies such as fused deposition modelling in 3D
printing. Their versatility stems from tunable physical properties such as
elasticity, optical behaviour, and thermal and chemical stability. Poly-
merisation can occur under diverse conditions, with the constituent ele-
ments of sulphur dioxide (SO2) serving as an excellent example. Sulphur (S)
readily polymerizes at ambient pressure requiring temperatures of only
160 °C (λ-transition) to open the S8 molecular rings and form long
polymeric-chains1,2.Molecular oxygen (O2) on the other hand is expected to
polymerize only at extreme densities, theoretically requiring pressures in
excess of 1.9 TPa to break the oxygen double-bond andmake square-spiral-
like polymeric chains3. In between these two examples, high-pressure
environments generated by diamond anvil cells (DACs) have proven to be a
unique tool to generate new exotic density-stabilized polymers. Many
examplesofhigh-pressurepolymershavebeenobserved experimentally and
predicted theoretically in systems such as N2

4–11, CO12–16, CO2
17–20, CS2

21–26,
and benzene27,28. Interestingly, depending on temperature, polymerisation

can occur in the solid phase, forming chains29, layers30 or covalent
networks8,31, or in the liquid phase, where polymeric liquidsmay emerge via
liquid-liquid phase transitions1,2. Additionally, the process of polymerisa-
tion under high pressure can often result in amorphous “glass-like" phases,
as demonstrated in systems such as N2

7,31, CO2
32 and SO2

33. Although these
non-equilibrium systems reveal fascinating physics and hold potential
geological relevance, probing the atomistic nature of these amorphous
polymeric states can be challenging. This is because symmetry-probing
techniques, such as vibrational spectroscopy and diffraction, often produce
weak, broad, and complex responses. However, the polymeric crystalline
parent structures, which provide accessible atomistic information and are
the thermodynamically stable phases for the substances undergoing poly-
merization, can be obtained by applying extreme temperatures, typically
higher than 1000 K, although this has been achieved so far only in very few
cases such as for CO2 and N2

19,20,31.
SO2 is a simple molecule of considerable importance in chemistry,

industry, geochemistry and planetary science. It is found on Earth, Mars,
and Venus, where its primary source is thought to be volcanic activity and
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also human-caused pollution onEarth, and it exists on themoons of Jupiter.
On Venus, SO2 is the third most abundant atmospheric gas and a key
component of the planet’s atmospheric sulfur cycle34. Also, sulfur dioxide
was a key agent in thewarming of earlyMars.Despite the importance of this
substance and extensive research on high-pressure polymerizations, the
polymerization of SO2 remains poorly understood. At ambient pressure,
SO2 crystallizes into an orthorhombic structure at 143 K35, where the
molecules are orientationally ordered with the molecular planes parallel to
the c-axis. Additionally, two high-pressure molecular phases, denoted as
SO2-II and SO2-III, have been observed demonstrating the stability of the
molecule to at least ~7.5 GPa36. Several more recent DAC experiments at
higher pressures have unveiled dramatic changes in the bonding char-
acteristics of SO2, indicating the onsetof polymerisation.Notably, Song et al.
first reported evidence of an extended solid at 17.5 GPa and room tem-
perature, revealing a substantial modification in the Raman spectrum,
which they attributed to the formation of (SO2)3 clusters

37. Subsequentwork
by Zhang et al. demonstrated that at slightly higher pressures, 26 GPa, a
reversible transition between molecular and polymeric amorphous SO2

occurs, showcasing anewexample of polyamorphism33, afinding confirmed
by Raman and infrared spectroscopy, and X-ray diffraction. In the most
recent study, Lu et al.38 reported amolecular-to-polymeric transition around
21GPa which remained relatively crystalline, with the structure tentatively
assigned to the predicted Pmc21 (Z = 4) candidate model based on its
qualitative compatibility with Raman spectroscopy. However, the pro-
pensity of SO2 to amorphize during polymerisation has led to significant
degradation in peak-shape observed in both diffraction and vibrational
spectroscopy across all measurements to date, leaving a comprehensive
characterization of its polymeric form challenging and largely unexplored.

In this study, we present a combined experimental and theoretical
approach to determine the crystal structure of polymeric SO2. Using

advanced synthesis techniques, we produced crystalline polymeric SO2 via
two methods: cryogenic loading (Method I) and direct synthesis from a
sulphur andO2/Hegasmixture (Method II),with the latter yielding superior
polymeric crystallinity. The polymeric nature of SO2 was characterized
using powder X-ray diffraction, Raman, and infrared spectroscopy,
revealing the onset of polymerisation around 21GPa, consistent with pre-
vious studies38, and showing recovery to pressures as low as 17 GPa. Crystal
structure search methods and metadynamics identified four energetically
most favourable candidate polymeric structures, with space groups Pmc21
(Z = 8, γ-SeO2-like), Ama2, Pmc21 (Z = 4, β-SeO2-like) and Pm, with
extremely similar enthalpies (within few meV per formula unit (f.u.)). All
these structures feature W-shaped polymeric SO2 chains, a conformation
previously seen at ambient pressure in the rare-mineral Downeyite
(SeO2)

29,39, however, with a quite different packing. Moreover, we found a
Pbcm phase which also has W-shaped chains and enthalpy higher by few
tens of meV per f.u. and a distinct polymorph (P21/c) with U-shaped chain
conformation and enthalpy higher by about 0.1 eV per f.u.. The latter
conformation might be potentially inducible, e.g., by photoexcitation pro-
cesses. The implicationsof this study are twofold:firstly, the characterization
of this simple polymer at high density, which besides fundamental interest
holds potential applications in geologicalmodels; and secondly, presenting a
methodology for synthesizing highly crystalline polymers under high-
pressure conditions, previously attainable only through extreme
temperatures.

Results and discussion
SO2 polymerisation identified via Raman and IR spectroscopy
In fig. 1, we present selected Raman spectrameasured upon increasing (a, b)
and decreasing (c) pressure, at room temperature, for a cryogenically loaded
homogeneous sample (a) and for a sample obtained via direct synthesis
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Fig. 1 | Raman spectroscopyof the pressure-induced polymerisation of SO2. a SO2

(Method I) on compression up to 51 GPa, black and blue ticks denote prominent
vibrational modes from molecular and polymeric SO2 in the green spectra,
respectively. At 45 GPa and 51 GPa the asterisk denotes a weak feature of remanent
amorphous molecular SO2. b–d are Ramanmeasurements on SO2 synthesized from
S in an O2-He mixture (Method II). b Spectra with increasing pressure and (c) on
decompression at room temperature. Trace colours indicate the states of SO2:
molecular (black), molecular-polymeric mixed (green), and polymeric (blue). In
(a–c), all spectra are compared on the same scale at different pressures, except for
being vertically offset. At the lowest pressures, in (b, c), the Raman peaks are very

weak below 1000 cm−1. d Pressure dependence of Raman-active vibrational modes
of SO2 in the selected frequency region of 300–1400 cm−1; solid and empty symbols
represent measurements on compression and decompression, respectively. Marker
colours correspond to the states of SO2 as depicted in (a–c). The blue vertical lines
demonstrate the hysteresis of polymer formation, showing the onset of poly-
merisation upon compression (solid line) and the stability of the polymers upon
decompression (dashed line). The green hatched area represents the range of
coexistence between the molecular and polymeric phases observed during com-
pression and decompression.
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from the elements (b and c) in He resulting in SO2 crystals in He as the
pressure transmitting medium (see Methods section). All spectra exhibit
sharp peaks up to the highest investigated pressures of 48–51 GPa,
demonstrating that the two samples are crystalline. In particular, for the
homogeneous sample, we note that amorphisation was substantially pre-
vented, at variance with our previous study33, thanks to the much smaller
gasket hole and to the fact that the gasket material was rhenium instead of
the much softer stainless steel, which in turn reduced the shear stress.
Nevertheless, a weak and broad band centered at around 1200 cm−1 at
45–51 GPa and highlighted by asterisks, show traces of the molecular
amorphous form. On the other hand, no traces of amorphous material are
observed in the sample in He, the peaks of which are sharper than those of
the homogeneous sample, indicating a higher crystalline quality. The
pressure evolution of the spectra for the two samples closely mirrors that of
our recent study, where we observed the high-pressure transformation of
SO2 into an amorphous polymer, above 26 GPa33, and can be interpreted
similarly. We point out that this resemblance is limited to the frequencies
and relative intensities, while the peaks of amorphous SO2were significantly
broader as compared to those of the crystalline samples, due to disorder (see
Fig. S1). We recall that the polymer was shown to be made of sulphur in
three-fold coordination by oxygen, whereas oxygen was of two types: two-
fold and singly coordinated by sulphur bridging (OB) and terminal (OT)
oxygen, respectively, giving rise to single S-OBanddoublebondsS=OT. Ifwe
now focus on the homogeneous sample,we see that the spectra at 6 GPa and
17GPa are those of the molecular solid. These spectra exhibit four distinct
frequency regions, i.e., the lattice region below 400 cm−1, the O=S=O
bending at 500–600 cm−1, the O=S=O symmetric stretching at
1100–1240 cm−1, and the O=S=O asymmetric stretching at
1240–1320 cm−1. At 21 GPa amajor transformation, in fact polymerisation
starts to appear and proceeds further upon increasing pressure. Progres-
sively, the molecular peaks vanish and are substituted by polymeric peaks:
S=OT bond stretching peaks at 1200–1300 cm−1, and several peaks at

300–1000 cm−1 which we attribute to the S-OB bond stretching and to
bending modes. However, the SO2 molecular crystal is still observed well
beyond the polymerisation pressure threshold up to at least 34 GPa, and the
residual amorphous molecular form is observed at even higher pressures.
For the sample in He, the polymerisation is muchmore sharp, as it starts at
about 23 GPa, upon increasing pressure, and is complete above 25 GPa,
leaving no traces of molecular materials. For this sample, we also checked
reversibility. In fact, upon decreasing pressure, the transformation from the
polymeric phase to themolecular solid begins at 19 GPa and is completed at
17 GPa. In panel (d) of Fig. 1, we report pressure shift of the peak fre-
quencies of molecular and polymeric SO2 for the sample in He. The total
range of coexistence between themolecular and polymeric phases observed
during compression and decompression is highlighted.

In Fig. 2(a), we report synchrotron mid- and far-infrared absorption
spectra of a homogeneous SO2 sample (Method I) measured up to 34 GPa,
as a complement to theRaman investigation.Upon increasingpressure, at 4,
9 and 18GPa, we observe the spectrum of the molecular solid, which
exhibits saturated lattice peaks below 400 cm−1, theO=S=Obending peak at
500–600 cm−1 and the O=S=O symmetric stretching peak at
1100–1240 cm−1, both showing some crystalline splitting, the strong
saturating O=S=O asymmetric stretching peak at 1240–1320 cm−1 and the
overtone of this mode at about 2480 cm−1. Between 18 and 26 GPa, a new
band appears at around 800 cm−1 and rapidly intensifies further increasing
the pressure.This band is entirely of non-molecular origin, and corresponds
to the weak peaks observed in the Raman spectra of polymeric SO2 in the
same frequency range, strongly indicating that it arises from vibrational
modes of the polymer. At 34 GPa, the absorption is saturated below
1400 cm−1, except in the narrow 900–1150 cm−1 frequency range. On fur-
ther compression the spectrum becomes fully saturated, allowing no
detectable transmission from 1400 cm−1 down to the far-infrared region.
Upon decreasing pressure, the IR transmission and absorption is recovered
and the spectra clearly demonstrate the reversibility of the monomer-to-

Fig. 2 | Infrared spectroscopy of the pressure-
induced polymerisation of SO2. a Synchrotron
mid- and far-infrared absorption spectra of SO2

measured up to 34 GPa during compression (black
traces) and decompression (red traces). Above
34 GPa, no transmission is detected below
1400 cm−1, resulting in saturated absorption. Com-
pression and decompression traces are overlapped
to highlight the strong hysteresis associated with the
formation of polymers. bMid-infrared reflectivity
measurements conducted up to 54 GPa on com-
pression. In both panels, a key vibrational feature,
marked by the blue arrow, indicates the onset of
polymerisation on compression.
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polymer transformation, albeit with a strong hysteresis. To overcome the
limitation due to IR absorbance saturation and gainmore information from
IR spectroscopy, we also measured in-house IR reflectivity spectra in the
medium IR frequency range (Fig. 2(b)), upon increasing pressure. In these
spectra, at 7–21 GPa, we see the molecular O=S=O symmetric and anti-
symmetric stretching peaks at 1100–1240 cm−1 and 1240–1320 cm−1,
respectively. At 28 GPa, we observe the emergence of a new band at about
880 cm−1, which corresponds to similar peaks in the IR absorption and
Raman spectra and, consistently, we assign this band to polymeric modes.
This band intensifies with pressure indicating that polymerisation proceeds
further on compression. In addition, similar to the Raman spectra of the
homogeneous sample, Fig. 1(a), the molecular stretching peaks are pro-
gressively substitutedbyapolymeric S=OTstretchingpeak centered at about
1270 cm−1, above 28 GPa.

More quantitative insight into the structure of polymeric SO2 can now
be given using structure search and DFT simulations, the results of which
will be compared to the experimental results.

Polymeric SO2 crystal structure search
To our knowledge, the structure of the crystalline polymeric phases of SO2

have not yet been determined experimentally. An evolutionary structural
search was previously conducted by the authors of this study within the
framework of four SO2 formula units at pressures of 10, 20, and 50 GPa33. In
all identifiedpolymeric structures, sulphur atoms are coordinated in a 3-fold
manner by oxygen atoms, while half of the oxygen atoms are 2-fold coor-
dinated by sulphur, and the remaining half are bonded to a single sulphur
atom. The search revealed two optimal and nearly degenerate structures,
Pmc21 (Z = 4) and Ama2, which are found to be stable at pressures
exceeding 11 GPa compared to molecular SO2 phases. The same Pmc21
(Z = 4) structure was also subsequently reported by Lu et al. and tentatively
assigned to the extended phase of SO2 at pressures above ~20GPa38. We
note that this predicted structure is the same as the β-SeO2 polymorph,
stable in SeO2 above 2 GPa and below 600 K40.

The energetically favourable phases, Pmc21 and Ama2, are different
packing arrangements of identical polymeric strings consisting of corner-
connected pyramidal entities, with sulphur atoms at their apex. An example
of this arrangement can be seen in the various polymeric projections illu-
strated in Fig. 3(a). The unconnected corners of the pyramids result in a
sulphur-oxygen double-bond (S=O) and referred to as terminal-oxygens
(OT). In contrast, the connectionsbetween thepyramidal entities are formed
through S-O-S single bonds, identified as bridging-oxygens (OB). This
distinct and characteristic bonding arrangement compared with molecular
SO2, particularly the presence of singly-bonded OB connections (mode
frequencies at 500–900 cm−1), leads to a significantly modified vibrational
spectrum, as observed experimentally anddiscussed in detail in the previous
section. Interestingly, when viewed along the chain axis, a characteristic
W-shape emerges, highlighted by the green trace in Fig. 3(a), and is used to
characterize the conformation of the polymer. The near-degenerate struc-
turesPmc21 andAma2 fromour structural searches are shown inFig. 3(b, c),
respectively.

In order to identify further low-lying polymorphs at high pressure,
possibly with more complex structural motifs we performed more
extensive structural searches of crystalline phases of SO2 employing the
random search approach41 and the PBE functional42 (See “Methods”
section for technical details). A search in the space of 4 SO2 molecules
was first performed at a simulation pressure of 38 GPa. The above
mentioned Pmc21 and Ama2 structures were again found to be the most
energetically competitive with near-degenerate enthalpies (~10meV per
f.u.), similar to what was reported previously33. Additional low-lying
metastable structures were also identified; the Pbcm structure with
enthalpy higher by 47meV per f.u. and the P21/c structure with enthalpy
higher by 91meV per f.u. with respect to Pmc21. All four structures are
shown in Fig. S2 where it can be seen that while the Pbcm structure also
consists of W-shaped polymers, the chains in P21/c adopt a different
conformation and have a characteristic U-shape.

In order to find other low-enthalpy structures with larger unit cells we
performedalso an additional randomsearch in the spaceof 8 SO2molecules
at pressure of 38 GPa. Among the low-lying structures we found a structure
consisting ofW-shaped chainswhich appears very similar to thePmc21, but
it contains a stacking fault (Fig. 3(d). In fact, this structure can be interpreted
as a mixture of Pmc21 and Ama2, with the corresponding interface high-
lighted in Fig. 3(d) by adashed line. This structure has a space groupPm and
an enthalpy marginally higher than the Pmc21 by about 3.8 meV per f.u.,
being actually more energetically competitive than pure Ama2. In order to
find other possible configurations of this kind we performedmetadynamics
simulations43,44 starting from this structure, aimed at finding possible
structural transitions to new structures of similar character. In this manner
we obtained another low-enthalpy structure (Fig.3(e)) resulting from a
transitionwhere one layer of chains changed orientation. This structure can
be interpreted as representing two grains of Ama2 interfaced by a stacking
fault, highlighted by a dashed line Fig. 3(e), and is extremely energetically
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Fig. 3 | Candidate SO2W-polymer and associated crystalline structures identified
through a random structure search at 38 GPa. a Various projections of the
W-shaped polymeric chains are shown, with the arrows indicating their orientation.
The green trace is used to visually highlight the W-shape. Candidate crystalline
polymeric arrangements are illustrated in (b, c) for Pmc21 and Ama2, respectively.
The a-axes of the unit cells for these structures, which are collinear with the poly-
meric chain, are oriented so that the propagation of the polymeric chain is per-
pendicular to the page. dMixed structure, representing combination of Pmc21 and
Ama2, found from random structure searches initiated using 8 SO2 molecules.
e A metadynamics simulation initiated from (d) resulting in interfaced Ama2
domains. In (d, e), a dashed line is used to identify an interface between the smaller
Pmc21 and Ama2 domains.
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competitive with an enthalpy only 2.1meV per f.u. above the Pmc21 (Z = 4)
phase. It has a space group Pmc21 (Z = 8) and corresponds to the γ-SeO2

polymorph, stable above 6 GPa and above 600 K40.
These findings strongly suggest that the structures Pmc21 (Z = 4) and

Ama2 with W-shaped chains, differing only in chain packing, represent
members of a larger class of more complex polytypes with very similar
enthalpies. These could be formed from the Ama2 by introducing stacking
faults with a different orientation of chains in the adjacent planes. In
addition, metastable structures with higher enthalpy may be formed from
stacking of chains with different conformation such as, e.g., the P21/c
structure with U-shaped chains.

Since the enthalpies of the four polymeric phases with W-shaped
chains were found to be very close within the PBE functional, a proper
assessment of their thermodynamic stability requires including also the van
derWaals interaction which is critically important for packing ofmolecular
units in such systems.However, this interaction is notwell describedby local
DFT functionals such as PBE. We recalculated the enthalpy of all above
mentioned phases in the pressure range from 20 to 60 GPa employing the
highly accurate r2SCAN+rVV1045 functional which is recommended for
description of structure and thermodynamics of layered solids46. The results
are shown in Fig. 4. The enthalpies of the phases with W-shaped chains
(except for the Pbcm) are still near-degenerate (within 10meV per f.u.) in
the whole pressure region. The other two phases, Pbcm with W-shaped
chains and P21/c with U-shaped chains are considerably higher and only
metastable in the whole region. At 20 GPa, the Ama2 phase has the lowest
enthalpy while at 25 GPa it is replaced by the γ-SeO2-like polymorphwhich
remains themost stable oneup to60 GPa. Beyond60GPa, it is likely that the
β-SeO2-like phasewould become stable, however, in this region of pressures
SO2 was found to decompose in ref. 38. The calculations therefore predict a
1st order structural transition at 25 GPa between two polymeric phases,
Ama2 and Pmc21 (Z = 8, γ-SeO2-like) which both consist of the same
W-shaped chains but differ in their packing. The pressure evolution of the
most stable structure can be rationalized by noting that in the Ama2, stable
at lower pressures, all chains have the same orientation. Upon increasing
pressure, the system progressively forms stacking faults which allow amore
efficient packing and decrease the volume, first every two layers in the γ-
SeO2-like phase and upon further compression every layer in the β-SeO2-
like phase. We note that we provide here a prediction for the most stable
phase that is different from previous works33,38 which considered only
phases with Z = 4 and consequently overlooked the γ-SeO2-like phase.

Crystallographic Information Files (CIF) calculated at 55 GPa for the six
predicted structures:Pmc21 (Z = 8, γ-SeO2-like),Ama2,P21/c,Pmc21 (Z = 4,
β-SeO2-like), Pbcm and Pm are available as Supplementary Data 1–6,
respectively.

To close this section, we comment about the applicability of the
pressure homology rule to the analogy between SO2 and SeO2.According to
this rule, the SeO2 structures at low pressures should be similar to the SO2

structures at highpressure. The structure of apolymericphase is determined
both by the chain conformation and their stacking. Concerning the con-
formation, theW-shaped chains found in SeO2 in the Downeyite structure
(P42/mbc, Z = 8, α-SeO2 stable at ambient conditions) as well as in the β-
SeO2 and γ-SeO2 phases are indeed found also in all lowest-enthalpy phases
of SO2 at high-pressure. However, we found that the Downeyite-like
stacking of the chains is far from favourable for high-pressure SO2. We
structurally optimized the Downeyite-like SO2 at 40 GPa (Fig.S7 in Supp.
Mat.) and found that its enthalpy is higher by0.32 eVper f.u. than thebestγ-
SeO2-like phase, much above all phases we considered. Also, we note that
the stacking in theAma2 phase (all chains with the same orientation) is not
known in SeO2. The polymeric SO2 phases stable above 25 GPa correspond
to the γ and β-SeO2 phases which are stable at pressure above 6 GPa and
2GPa and temperature above and below 600 K, respectively40. The high-
pressure polymeric structures of SO2 are thus closely related or identical to
the low-pressure structures of SeO2, but less similar to the ambient pressure
form of SeO2.

Comparison of experimental observations to DFT simulations:
identification of a SO2 W-shaped polymer
To determine the conformation and structure of polymeric SO2, we com-
puted X-ray diffraction patterns and simulated Raman/IR spectra for the
candidate structuresdiscussedearlier (seeMethods for details). Comparison
of the predicted low-enthalpy structures with experimental Raman spectra
and XRD patterns (Supplementary Figs. S3, S4) demonstrates a qualitative
agreement with the energetically competitive structures consisting of
W-shaped polymers. A conformational fingerprint, which appears in all
four W-polymer candidate structures (γ-SeO2-like Pmc21, β-SeO2-like
Pmc21, Ama2, and Pm phases), is the large frequency gap between double-
bond S=OT stretches (1200–1300 cm−1) and single-bond S-OB modes
(600–900 cm−1). This gap, also experimentally observed in polymeric
SeO2

40, confirms the polymeric nature, thoughDFT slightly underestimates
itsmagnitude in polymeric SO2

38, likely due to limitations in the functionals
used. Initial LDA-calculated Raman spectra (Figs. S3, 4; LDA was used
because of theQuantumEspresso constraints) required a+97 cm−1 shift for
S=OT modes to match experiment (Fig. 5(b), inset). However, SCAN
functional calculations47 reduced this discrepancy significantly, with S=OT

frequencies shifting upward by 40–50 cm−1 and yielding better agreement
with experimental data. The two predicted stable polymeric phases, Ama2
and γ-SeO2-like Pmc21, exhibit nearly degenerate enthalpies at 25 GPa (see
Fig. 4), precisely where we observe the onset of polymerization. Their
enthalpies, remain close across a broad pressure range surrounding this
transition, while the two metastable phases (β-SeO2-like Pmc21 and Pm)
show similarly small energy differences. This energetic degeneracy strongly
suggests the coexistence of multiple phases is not only possible but ther-
modynamically favoured.We therefore proceedwith our analysis under the
assumption that both Ama2 and γ-SeO2-like Pmc21 phases are present in
our samples.

The crystalline nature of polymeric SO2 is unequivocally demon-
strated by the sharp Bragg peaks in the X-ray diffraction pattern of a bulk
sample at 54 GPa (Figs. S4 and Fig. 5(c)), consistent with optical spectra
in Figs. 1(a), 2, 5(a), and S3. This contrasts markedly with amorphous
polymeric SO2, which shows only broad, diffuse peaks due to the absence
of long-range order33 (Fig. S1). While Raman spectra reveal minor
amorphous contributions (starred features in Fig. 1(a)), these are negli-
gible compared to the dominant crystalline signal in diffraction mea-
surements. The crystalline nature of the sample allows us not only access
to the thermodynamically favourable state of the SO2 at these conditions,

Fig. 4 | Relative enthalpies for candidate structures for polymeric SO2. Upper
panel: Pressure dependence of the enthalpies of the phases β-SeO2-like,Ama2,Pbcm,
P21/c, γ-SeO2-like and Pm in the pressure range from 20 to 60 GPa. The enthalpies
were calculated with the r2SCAN+rVV1045 functional and are relative to the γ-SeO2-
like phase. Lower panel: Enthalpies of the four lowest enthalpy phases which are very
similar in structure, enthalpy and volume, shown on an order of magnitude smaller
enthalpy scale.

https://doi.org/10.1038/s42004-025-01757-y Article

Communications Chemistry |           (2025) 8:374 5

www.nature.com/commschem


but also to assess the packing and arrangement of the W-shaped poly-
mers. The agreement between experimental and simulated patterns for
both γ-SeO2-like Pmc21 and Ama2 structures provides compelling evi-
dence for the structural arrangement of the W-shaped polymeric units.
Key features are well reproduced: (i) the γ-SeO2-like phase accounts for
strong reflections at ~12. 5° (with shoulder at ~12°) and the ~8° peak
(Fig. 5(c)), while (ii) Ama2 is essential to explain the ~9.75° peak and
~13° reflection asymmetry. A Le Bail refinement accounting for this
phase mixture at 55 GPa, Fig. 5(c), yields lattice parameters in good
agreement with DFT predictions: γ-SeO2-like Pmc21 a = 4.457Å
(aDFT = 4.4352Å), b = 3.897Å (bDFT = 3.9075Å), c = 11.305Å
(cDFT = 11.2529Å) and Ama2 a = 4.440Å (aDFT = 4.4345 Å), b = 7.200Å
(bDFT = 7.2021Å), c = 3.054Å (cDFT = 3.0568Å). The largest discrepancy
being 0.5% in the a-lattice parameter for the γ-SeO2-like Pmc21 and can
be due to broad peaks and closely-spaced reflections. The refinement also
accounts for minor rhenium (gasket) and sulfur-II impurities, the latter
arising from X-ray induced decomposition (evident optically from
sample darkening). Similar results at 48 GPa (Fig. S5) and another X-ray
wavelength, further support the structural assignment and mixture of γ-
SeO2-like Pmc21 and Ama2 phases. Despite sharp Raman features
indicating high crystallinity, single-crystal diffraction of He-synthesized
samples (Method II) proved unsuccessful due to the strain-induced peak
broadening, an example of the non-ideal peak shape can be seen in Fig.
S6. This reflects the material’s mechanical softness, where minor devia-
toric stresses degrade diffraction quality despite the well-defined local
structure of the W-shaped polymers.

The observed Raman and infrared activity of polymeric SO2 at 25 GPa
are also compatiblewith the proposed γ-SeO2-likePmc21-Ama2mixture, as
shown in Fig. 5(c), which have been evidenced from numerical simulations
and diffraction experiments. Notably, there are two key regions to evaluate
the candidacy of the low-enthalpy structures: the S=OT region

(~1000–1300 cm−1) and the S-OB region (~500–900 cm
−1). Remarkably, the

Raman spectral signature of polymeric SO2 observed in this study is strik-
ingly similar to that of polymeric homologue SeO2, which is known to exist
inmultiple crystalline arrangements, including both γ-SeO2-like Pmc21 and
β-SeO2-like Pmc21 at higher pressures and temperatures40. In the S=OT

region at 25 GPa, it is evident that both the γ-SeO2-like Pmc21 and Ama2
phases must be present to accurately account for the numerous Raman
actives mode in this region, seen in Fig. 5(b) and Fig. S3. Further, as seen
from infrared absorptionmeasurements a combinationofAma2 andPmc21
are found to accurately describe the broad region of infrared activity
600–1100 cm−1 associated to the newly formed S-OB vibrational modes of
the polymer. Finally, given that the Ama2, γ-SeO2-like Pmc21 and β-SeO2-
likePmc21 (at higher pressures) structures are energetically competitive and
canmix at aminimal energy cost, the observed peak splittings and disorder-
activated modes may account for additional contributions seen in the
experimentally observed spectra and can result in a more complicated
spectrum at the highest pressures, seen in Fig. 1(b, c).

Conclusion
The nature of pressure-induced polymerisation of SO2 has been explored
and characterized using XRD, Raman spectroscopy, infrared spectroscopy
and ab initio simulations up to 55 GPa. We present a methodology for
producing highly crystalline polymeric samples, which can be particularly
challenging due to the polymerisation process under compression and is
crucial for systems where conventional sample annealing techniques are
unsuitable. Through Raman and infrared diagnostics, the molecular-to-
polymeric transition was mapped at room temperature and was found to
initiate upon compression at 21 GPa, and with the polymer being reco-
verable to 17 GPa on decompression, indicative of hysteresis resulting from
the chemical changes. Extensive random structure and metadynamics
searches involving up to eight SO2molecules yielded four distinct polymeric
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(b)
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γ-SeO2-Like Pmc21

a: 4.457 Å
b: 3.897 Å
c: 11.305 Å
Vol: 196.4 Å3

Vol/Z: 24.55 Å3

Ama2

a: 4.440 Å
b: 7.200 Å
c: 3.054 Å
Vol: 97.6 Å3

Vol/Z: 24.4 Å3
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25 GPa25 G

D
iam

ond

Rp = 20.4%
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Raman Shift (rel. cm-1)
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Fig. 5 | Comparison of experimentally measured polymeric SO2 with DFT
simulations of candidate γ-SeO2-like Pmc21 and Ama2 mixtures. a–c present
complementary techniques: a Far and mid-infrared synchrotron absorption mea-
surements of bulk polymeric SO2 decompressed from 50 GPa to 25 GPa. b Raman
spectrumof polymeric SO2 synthesized in anO2-Hemixture, that is alsomeasured at

25 GPa after decompression from 50 GPa (inset is simulated Raman spectrum and
frequencies shifted for a direct comparison of S=OT vibrational modes) and (c) Le
Bail refinement of synchrotron X-ray diffraction data from bulk polymeric SO2

collected at 54 GPa on compression.
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candidate structures: Pm, Pmc21 (Z = 4, β-SeO2-like), Ama2, Pmc21 (Z = 8,
γ-SeO2-like). Notably, the competitive structures are polytypes consisting of
efficiently-packedW-shapedpolymeric chains, a structuralmotif previously
identified at ambient pressure only in the rare-mineral Downeyite (SeO2).
Ama2 and Pmc21 (Z = 8, γ-SeO2-like) were the most energetically compe-
titive and found to be degenerate at 25GPa, the experimentally observed
onset pressure for polymerization, suggesting that a mixture of structures
should be expected. Powder XRD measurements and Le Bail fits revealed
that a combination of Ama2 and γ-SeO2-like phases could describe the
observed Bragg reflections, substantiating the structural assignment. DFT
simulated vibrational activities showed qualitative agreement with all
W-shaped polymers, with the experimentally observed Raman and IR
activities well described by the low-enthalpy structural candidates Ama2
and γ-SeO2-like accounting for observed vibrational excitations. We have
then demonstrated that, at the high-pressures, SO2 is thermodynamically
stable as a crystal polymer, whereas the amorphous polymer previously
found33 is metastable like all amorphous solids. Last but not least, the
similarity between polymeric SO2 and a selenium dioxide mineral repre-
sents a nontrivial case of homologous chemical behaviour between light and
heavy elements of the same group, under appropriate density conditions.

Methods
Experimental methods
Experiments were conducted using symmetric diamond anvil cells (DACs)
equipped with type-IIas diamonds. Diamonds with 200 μm culets were
utilized, allowing for routine pressures of up to 50 GPa without damage.
Sample containment was provided by a rhenium gasket, a material known
for its strong chemical resistance, featuring a laser-machined cavity with
initial dimensions dependent on the loading procedure. During these
experiments, pressure was determined using either the fluorescence of a
ruby sphere48 or the Raman-active phonon of the diamond anvil49.

Loading procedures for SO2.Method 1: Bulk SO2 (99.9%) was loaded
as a liquid at >1.6 bars and 0 °C using a pressure chamber thatwas purged
several times prior to loading, and submerged in an ice/water bath.Due to
the reactivity and hygroscopic nature of SO2, all samples were screened
with Raman and IR measurements to ensure purity. To minimize shear-
induced amorphisation of SO2

33, sample deformation was reduced by
using smaller initial gasket dimensions, typically around 50 μm in dia-
meter and 20 μm in thickness. This resulted in a homogeneous bulk
sample of reasonable crystalline quality upon compression into the
polymeric phase. All infrared spectroscopic measurements in this study
used this loading methodology for SO2.

Method 2: SO2 was synthesized in situ by direct reaction between
sulphur (S) and a high-purity gaseous mixture of O2 (1–10%) with helium
(He) as the balance at a pressure of 0.17 GPa. A grain of sulphur was loaded
into the DAC, and initial sample chambers were designed to be larger,
typically around 100 μm in diameter and 35 μm in thickness, to accom-
modate for the large compressibility of helium. The pressure was increased
until the sulphur strongly absorbed 532nm light, approximately at 1–2 GPa.
The direct reaction between sulphur and the surrounding oxygen gas was
initiated by irradiating the sulphur with focused 532 nm laser light at a high
energy density of ~30mW/μm2. This synthesis procedure produced SO2

samples of superior crystalline quality, as evidenced by sharp Raman peaks
(see Fig. 1(b, c). In many cases, similar high-pressure synthesis of com-
pounds directly from the elements has been obtained, for example in the
systems H-S, H-Se, and H-S-Se50–54.

Raman spectroscopy. Raman experiments were performed using a
custom micro-focused confocal optical system. Raman scattering was
excited using both 532 nm and 660 nm wavelengths with a spot size of
approximately 2 μm. To avoid unwanted sample heating or possible
photochemistry during measurements, the incident laser power was
maintained below 5mW for both excitation wavelengths. The back-
scattered light was collected and filtered through ultra-narrow notch

filters, then dispersed by an aberration-corrected spectrometer and
imaged using a liquid nitrogen-cooled CCD detector.

Far/Mid-IR transmission and reflectivity measurements. In-house
mid-IR reflectivity measurements were conducted using a Bruker Vertex
70v FT-IR interferometer with a Globar source and a KBr beamsplitter.
The mid-IR transmission was focused and captured using a pair of x15
(0.4 NA) Schwarzschild objectives and a liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector. All acquisitions comprised 300 scans
with a resolution of 2 cm−1. Partial reflectance was calculated taking the
ratio of the MIR spectra of the SO2-sample and surrounding rhenium
gasket, (ISO2/IRe), at every pressure point.

Synchrotron far-infrared (FIR) and mid-infrared (MIR) transmission
measurements were carried out on the horizontal microscope of the SMIS
beamline at the SOLEIL synchrotron. The synchrotron IR radiation was
focused on the DAC by a couple of custom Schwarzschild objectives
(NA=0.5). Spectra were collected by a ThermoFisher iS50 FTIR spectro-
meter, equipped with a Liquid He cooled Si bolometer and a solid substrate
beamsplitter for the FIR range, whereas a MCT detector and a KBr
beamsplitter are used for theMIR range. Spectral resolution is set to 2 cm−1.
To compute the absorbance, a reference was taken with the empty cell with
the diamond anvils in contact, to reduce interference fringes.

X-ray diffraction. X-ray diffraction was performed at the nanoMAX
beamline (ID27 beam line) at MAX IV in Sweden (ESRF in France). The
incident X-ray spot had a wavelength of 0.6199Å and a diameter of
approximately 0.1 μm (0.3738Å and 0.5 μm for ID27-ESRF). The
resultant diffraction pattern was imaged using the Eiger2 CdTe 9M
detector, and the data were integrated into a 1D format using Dioptas
software55. Le Bail refinements were conducted using the Jana software
package56.

Simulation methods
For crystal structure search we used the random search method41 as
implemented in the CRYSPY package57. Ab initio calculations (structure
optimizations in random search and MD simulations in metadynamics
simulations) were performed by the VASP package58,59 employing PAW
pseudopotentials60 and the PBE exchange-correlation functional42. For
the enthalpy calculations we employed the r2SCAN+rVV1045 functional
and hard pseudopotentials Sh andOh from the VASP library with a cutoff
of 910 eV. Metadynamics simulations employing the supercell as col-
lective variable were performed with the approach described in
refs. 43,44. Phonon calculations including calculation of infrared and
Raman cross sections were performed by the Quantum Espresso
package61,62 employing the LDA exchange-correlation functional63,64 and
norm-conserved pseudopotentials65 with a cutoff of 100 Ry. For the
simulated Raman spectra, Lorentzian peaks are built upon the obtained
cross-sections and frequencies using widths (FWHM) reflecting experi-
mental observations, 4 cm−1 and 10 cm−1 for S=OT and S-OB, respec-
tively. For Infrared simulated spectra, Lorentzian peaks are all assigned a
width of 10 cm−1 as due to saturation, experimentally observed peak
FHWMs could not be extracted. Diffraction patterns of candidate
structures were calculated using the VESTA software package66.

Data availability
Thedata that support thefindings of this study are available on request from
the authors.

Code availability
The code used to support the findings of this study are available on request
from the authors.
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