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% Check for updates Due to the sulfur’'s atoms’ propensity to form molecules and/or polymeric

chains of various sizes and configuration, elemental sulfur possesses more
allotropes and polymorphs than any other element at ambient conditions. This
variability of the starting building blocks is partially responsible for its rich and
fascinating phase diagram, with pressure and temperature changing the states
of sulfur from insulating molecular rings and chains to semiconducting low-
and high-density amorphous configurations to incommensurate super-
conducting metallic atomic phase. Here, using a fast compression technique,
we demonstrate that the rapid pressurisation of liquid sulfur can effectively
break the molecular ring structure, forming a glassy polymeric state of pure-
chain molecules (Am-Sp). This solid disordered chain state appears to be
(meta)stable in the P-T region usually associated with phase I made up of Ss.
The elemental sulfur glass, made up from one of the simplest building blocks,
offers a unique prospect to study the structure and property relationships of
various other phases of sulfur and their interactions. More importantly, the
fast compression technique performed at any temperature effectively like
thermal quenching, opening up possibilities in high pressure synthesis by
providing an effective and fast way of changing the fundamental thermo-
dynamical parameter.

At ambient and near ambient conditions, elemental sulfur exhibits very
rich molecular diversity, including many cyclic closed rings (S,
n=6-20), their mixtures, and different forms of open-ended spiral
single chains'”. This diversity is partially reflected in its phase diagram
at low pressure and moderate temperatures (Fig. 1a). Within 11 GPa and
800K, 5 solid phases (orthorhombic a-Sg (S-/), monoclinic S-Sg, trigo-
nal (S-//), tetragonal (S-/ll), rhombohedral S¢ (S-/V) and 2 liquid states

are known*®, The a-Sg, B-Ss, and S, are cyclic molecules, while the S-If
and S-/ll phases exhibit polymer chain-like structures. The two known
liquid states are the low-density (LDL) and high-density liquid (HDL),
which consist of ring and chain molecules. Only the liquid located in a
small region at the bottom of the LDL consists entirely of the 8-atom
rings (Fig. 1a). The molecular liquid consisting of Sg rings is dis-
tinguished from the other region of LDL by the well-known A-
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Fig. 1| Transformation and phase diagrams of sulfur. a The low-density (LDL)
and high-density liquid (HDL) sulfur are drawn in different shades of orange, and
the dashed curve in the liquid LDL region denotes the transition between the liquid,
made of pure rings, and LDL (lambda transition). The phase diagram shows five
known solid phases (orthorhombic a-Sg (S-/), monoclinic S-Sg, trigonal (S-//), tet-
ragonal (S-/ll), rhombohedral S¢ (Rh, S-1V). The melting curve and phase boundaries
are from refs. 6,8. b The rapid compression of liquid sulfur to effectively break the
ring structures and form an elemental sulfur glass of pure chain molecules (Am-Sp).
Liquid sulfur before the lambda transition and its supercooled product consists
purely of Sg rings (Am-S, indicated by the blue arrow). The solid orange arrows

P (GPa)

represent five pathways for preparing Am-Sp by rapidly compressing the liquid (or
supercooled liquid) sulfur at 300, 403, 423, 453, and 573 K. The red and blue double
line arrows indicate isobaric variable-temperature experiments of Am-Sp at 5 GPa,
with temperatures ranging from 5 to 573 K. The orange double-line arrow repre-
sents the compression of Am-Sp from 5 to 25.5 GPa at room temperature. Sulfur
remains stable across all three pathways. The chains in Am-Sp partially convert to
rings when the pressure drops below 3 GPa, as indicated by the orange dashed line
marking this transition pressure. The light red area indicates the (meta)stable
region of Am-Sp, which largely coincides with the P-T domain of the crystalline S-/
phase. A denotes the experimental data points.

transition’. This transition is reversible and incomplete because above
the A-transition temperature, only some Sg rings open and polymerize
into long chains. The LDL to HDL transformation is one of the very rare
examples of an elemental liquid transforming into another via a first-
order phase transition that ends at a P-T critical point®. These two
liquids have different proportions of the constituent chains and rings.

Chain sulfur in the melt is a truly intriguing subject in itself.
Vitrification of single-element, monoatomic liquids is notoriously
challenging', but melting elemental sulfur has a different problem due
to its allotropes’ diversity. Although a high-temperature melt can be
rapidly quenched into a glass, the chain molecules will convert to rings
below the A-transition (Fig. 1b). This will result in an amorphous sulfur
consisting of a mixture of chains and rings that gradually devitrifies
into various crystalline allotropes made of ring molecules only. Con-
sequently, pure chain sulfur glass has never been successfully syn-
thesized. High pressure stabilizes sulfur chain molecules, and high P-T
conditions could facilitate the synthesis of a pure amorphous chain
state. However, it is quite difficult to achieve a high-temperature
quenching rate under high pressure, and, therefore, one needs to
explore an alternative path, eg., very fast liquid-solid phase line
crossing. In the generalized P-T quench”, glass could be formed by
rapidly crossing the melting curve from the liquid to solid region with
any combination of P-T paths.

Temperature quenching is the most common method to produce
an amorphous (glassy) state. During the temperature quenching pro-
cess, a liquid sample experiences a quick temperature drop across its
freezing point, preventing nucleation formation and leading to vitri-
fication. In principle, if the pressure increase across the liquid-solid
boundary is sufficiently rapid, the melt could also be vitrified into a
metastable amorphous glass, analogous to the temperature-quenched
glass formation. However, rapid compression, characterized by a
sharp increase in density, is more likely than rapid cooling to trigger
changes in the molecular structure of materials. This, in turn, can
influence the short- to medium-range order in amorphous materials.
The liquid sulfur below T, is composed of Sg rings, thus, the amor-
phous sulfur quenched from LDL below T, comprises of an Sg ring

(Fig. 1b, blue arrow). Now, a very interesting question arises: if rapid
compression, instead of thermal quenching, is used to vitrify the Sg
ring melt into the stable field of crystalline S-/ (which is made of Sg
rings), would the product be an Sg ring or chain glass?

High pressure provides a powerful additional dimension to
explore the density-driven formation of crystalline phases and how
sulfur’'s molecules transform into three and fourfold chains or six-
member rings*”. It can shed some light on the exotic liquid-liquid
transitions and the critical point in molten sulfur chains®. However, due
to the specifics of the sulfur phase diagram, the pure chain sulfur
disordered state has never been synthesized under any P-T conditions.
Here, by adding time as another parameter to control the speed of
compression, we have successfully synthesized a glassy polymeric
state consisting of pure-chain sulfur molecules (Am-Sp). We demon-
strate that the rapid pressurization (10 GPa/s) of the Sg liquid at above
400K effectively breaks the cyclic rings forming open-ended spiral
polymeric chains. Our experiments also show that the rapid pressur-
ization technique can act as an alternative and very effective way to
create glassy materials at constant temperatures above ambient.

Results
For a detailed description of the experimental and calculational pro-
cedures, please refer to ref. 12, Methods and Supplementary Materials.

The formation of sulfur chains glass by fast compression of
liquid sulfur

The liquid at 403 K was compressed from 0.05 to 4.1 GPa in 0.4 s, with
an average compression rate of -10 GPa/s. The time-resolved Raman
and ruby fluorescent spectra throughout the pressurization process
were collected with an exposure time of each spectrum of 0.04 s, with
selected spectra shown in Fig. 2a, see also Supplementary Fig. 3. The
typical Raman spectrum of «-Sg at ambient conditions can be divided
into three regions: the region of lattice vibration modes (<120 cm™),
the region of the S-S-S bending modes of S rings (120-320 cm™), and
the region of the S-S stretching modes (400-500 cm™)**", The
polymer content ® of sulfur can be obtained through the peak fitting
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Fig. 2 | The compression-rate-dependent structural transitions liquid sulfur
at 403 K. a A ramp compression of liquid sulfur at pressures of 0.05-4.1 GPa in
0.4 s, with a rapid compression rate of ~10 GPa/s. Time-resolved Raman spectra of
sulfur collected along the compression pathway. The exposure time is 0.04s.b A
ramp compression of liquid sulfur at pressures of 0.05-4.1 GPa in 8 s, with a much
slower compression rate of ~0.05 GPa/s. Time-resolved Raman spectra of sulfur
collected along the compression pathway. The exposure time is 0.1s. Sg and Sp
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indicate the integrated area of the Raman signal for the sulfur ring and sulfur chain
sections. The gray shaded areas indicate the bending modes of sulfur rings. The
remaining bending modes indicated by the red arrows show that, for a brief period
just after the pressure reached 4.1 GPa, there are residual Sg rings that have not
been converted into polymeric chains. Note that the intensity of the Raman signal is
significantly reduced in the amorphous state.

in the region of the stretching modes”. The intensity of the two peaks
in the bending vibration mode region is also an important indicator, as
the intensity relationship between the bending and stretching modes
in crystals under pressure is used to assess the stretching mode
intensity of rings in amorphous crystals (see Methods and Supple-
mentary Figs. 4 and 5). The @ of the liquid sample at 403K and at
0.05GPa is 0, indicating that the liquid at these conditions is com-
posed of Sg rings only. In the first 0.16 s, the liquid is compressed to
~0.95 GPa, and the broad peak located in the region of lattice vibration
modes remained, indicating the formation of an amorphous sulfur.
The increase in the stretching mode at 460 cm™ (orange shaded peak)
is attributed to polymerized chains and is accompanied by a reduction
in the bending mode at 150 and 220 cm™ (gray shaded peaks) and
stretching mode at 471cm™ (blue shaded peak) of Sg rings. We esti-
mate that about 50 percent of the content in the sample is in the form
of polymeric chains. With further compression, the peaks in the
bending modes region are strongly reduced in intensity, suggesting a
large fraction of Sg rings in liquid sulfur transformed into polymeric
chains. These randomly intertwined chains restrain the nucleation and
growth of the crystalline sulfur and, thus, stabilize the amorphous
state. The time-resolved ruby fluorescence spectra show the pressure
was stabilized at 4.1 GPa after 0.4 s (Supplementary Figs. 3a and 6a).
The two peaks in the bending mode region still show weak intensity at
0.4 s (red arrows in Fig. 2a). However, this intensity decreases, and the
peaks disappear completely after 0.2's, demonstrating that the rings
have fully converted to chains. The main peak in the stretching mode
region became unimodal at 0.6 s, indicating the formation of a purely
chain-structured amorphous configuration. The time dependence of ®
is shown in Supplementary Fig. 6b, the ® value continuously increased
with increasing pressure and finally reached 1, indicating the formation
of amorphous sulfur composed of purely polymeric chains (Am-Sp).
We conducted a control experiment pressurizing liquid sulfur at
403 K up to above 4 GPa with considerably lower compression rates.
(see Fig. 2b and complete data in Supplementary Fig. S7). Upon slow
compression to 0.34 GPa, the ® of the liquid increased to 0.3, indi-
cating an increasing number of rings transformed into polymeric
chains under pressure. Then, the liquid crystallized into the S-/ phase
(see the comparison of Raman spectra with S-/ under high pressure in
Supplementary Fig. 8) the pressure drops to 0.2 GPa with the peaks in
the stretching modes region becoming unimodal as the excitation
corresponding to the chain stretching modes vanishes, indicating the

absence of the polymeric chains in the crystalline state. After solidifi-
cation is complete, the pressure rises continuously, increasing to
4.1GPa in 8 s (Fig. 2b), see Supplementary Figs. 6(c) and 6(d) for the
variations of pressure and ® upon slow compression. In Supplemen-
tary Fig. 5, we provide a detailed comparison of the Raman spectra of
crystalline sulfur and amorphous sulfur at various pressure points
during the compression process, illustrating the gradual dis-
appearance of the Sg rings in liquid sulfur under rapid compression.
We interpret these two very different outcomes of two compression
P-T-t paths as follows: at the slow or “normal” compression rate, the
Sg-rings liquid freezes into the thermodynamically stable S-/ phase in
which Sg-ring molecules are preserved even though we observe some
chain formation at the beginning of the compression in the liquid state
(Fig. 2b, spectrum at 1s). During fast compression the thermodynamic
processes are different, yielding very different end results. At the
beginning of the fast compression process, liquid sulfur has no time to
solidify into the S-/ phase, and the liquid is over-pressurized. The
pressure acts as the driving force of the crystal growth but on the other
hand, it induces their polymerization by breaking the sulfur rings,
which effectively restricts the crystal growth. An amorphous product
will be formed once the pressure increases above a critical value,
where the fraction of polymeric chains is high enough to prevent
crystallization. Furthermore, if the compression rate is high enough to
let the pressure reach the critical value before the start of crystal-
lization, amorphous sulfur will be produced. It appears that in order to
initiate the synthesis of the glassy chain state by rapid compression at
403K, the critical pressure and critical compression rate must reach
above 0.7 GPa and 10 GPa/s, respectively.

To explore the chain glass’ stability range, we conducted several
compression experiments at temperatures ranging from 300 to 573K
(see Supplementary Figs. 9 and 10). We note that at around 405K,
liquid sulfur consists of only pure Sg rings, whereas at higher tem-
peratures in LDL/HDL states, liquid sulfur exists as a mixture of rings
and chains. Therefore, it is easier to synthesize amorphous chain-like
sulfur from the liquid where chains are already present and could serve
as “seeds” during the synthesis process. Then, we conducted com-
pression experiments on the supercooled liquid (which also consists of
only pure Sg ring), at 300 and 373K (see Supplementary
Figs. 11 and 12). It appears that the supercooled liquid sulfur crystal-
lized during slow compression at 373 K, Supplementary Fig. 11. How-
ever, Raman spectroscopy reveals that no ring-opening occurred
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Fig. 3 | An elemental sulfur glass of pure chain molecules (Am-Sp). a In-situ
synchrotron XRD patterns illustrate the formation of Am-Sp at 403 K. Sulfur was
rapidly compressed at 403 K from 0.05 to 4.1 GPa forming Am-Sp and then cooled
down to 300 K. Asterisks (*) in a indicate the indices of orthorhombic «-Sg (S-/).
b The XRD spectrum of Am-Sp at 4.1 GPa and room temperature (RT). The orange
curve is the raw integrated intensity, the gray curve is the background (BG) signal
contributed by the diamond anvil cell (DAC) and the helium pressure transmitting
medium (PTM), and the dark curve is the corrected XRD spectrum of Am-Sp. ¢ The

comparison of the structure factor S(Q) between Am-Sp, liquid sulfur chains, liquid
sulfur rings, and a crystalline polymeric chain (@-S). The scale bar represents a
length of 100 um. d The PDF g(r) comparison between Am-Sp, liquid sulfur chains,
liquid sulfur rings, and w-S. The S(Q) and g(r) data of liquid sulfur are from refs.
8,14,15,33. Letters P and R indicate polymeric and ring chain configuration. The
orange and red vertical dashed lines mark the two peaks in liquid sulfur at
approximately 4 A and 4.5 A.

throughout the compression process, in contrast to the 30% chain
formation observed in the slow compression of liquid sulfur at 403K
before crystallization (Fig. 2b). This suggests that lower temperatures
hinder ring opening, and requiring a fast compression rate to com-
pensate at a lower temperature. Additionally, a small sulfur droplet
supercooled to room temperature inside the pressure chamber was
rapidly compressed, producing the Am-Sp and achieving room-
temperature synthesis of the chain glass (see Supplementary Fig. 12).

Randomly distributed Sg rings can easily undergo ring-opening
reactions under pressure, whether they are in a liquid state, a super-
cooled, supercompressed liquid state, or an amorphous state. Pre-
paring fully chain-structured sulfur glass starting from liquid sulfur
requires maintaining the amorphous state and continuously applying
pressure to open all rings fully. Therefore, the compression rate is the
key factor in entering and maintaining the amorphous state, making it
crucial for preparing Am-Sp.

Diagnosis of molecular and crystalline-amorphous structure
and the sulfur chain glass (meta)stability

We carried out synchrotron X-ray diffraction (XRD) measurements to
study the microstructure of the sulfur glass made of pure-chain
molecules. In the XRD experiments we followed identical P-T-t paths

to those employed in the time-resolved Raman spectroscopy studies
(see above and Fig. 3a) The diffraction pattern of the liquid sulfur ring
at403 K and 0.05 GPa is very distinct and consists of a main prominent
peak located at -1.7 A" and a sideband at ~1.15 A™, respectively, Fig. 3a.
There are also two considerably weaker peaks at around 3.4 and 4.1A7,
Fig. 3a. After rapid compression to above 4 GPa, the spectrum changes
dramatically suggesting a structural evolution. The lowest energy peak
indicative of a liquid state at -1.15A disappears, while the peak at
~4.1 A™ becomes the second most prominent feature, see Fig. 3a. After
isobaric cooling to RT, the XRD pattern shows no apparent changes,
indicating the non-crystalline nature of Am-Sp. Figure 3b shows an XRD
pattern collected on Am-Sp sample at 4.1 GPa and 298 K, covering a Q
range of up to -9 A" The structure factor S(Q) of Am-Sp has three
unimodal peaks located at -2.05, ~4.06, and -6.3 A7, and shows a
striking difference to S(Q) of liquid sulfur rings below the A-transition**
(Fig. 3c). We also note the similarity of S(Q) between Am-Sp and
reported liquid sulfur chains at 5.6 GPa and 900 K", which points
towards the chain structure of Am-Sp (Fig. 3c). The black curve in
Fig. 3d shows the pair distribution function (PDF) g(r) obtained by
Fourier transformation of S(Q) at 4.1GPa and RT. These first three
peaks in the PDF are centered around ~2.04, ~3.33, and -4.29 A. Here,
we first look at the PDF of two types of liquid sulfur reported in the
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Fig. 4 | The thermodynamic metastability of Am-Sp. a, b The evolution of the XRD
patterns and Raman spectra during the compression of Am-Sp at room tempera-
ture. ¢ The isobaric variable temperature Raman scatterings of Am-Sp under the
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pressure of 5 GPa. The Am-Sp is stable at a wide range of temperatures from 5 to
573 K. d The evolution of the Raman spectra and XRD patterns during the com-
pression of Am-Sp at 300 K.

literature®. The red curve in Fig. 4d is a pattern of an LDL sulfur below
T), which features an unimodal peak at 4.5A. The peak in the PDF
spectrum at 4.5 A (red vertical dashed line) is presumably a fingerprint
of the Sg molecules previously reported™. The orange curve in Fig. 4d is
a pattern of an LDL sulfur above T). After the A-transition, the original
peak becomes bimodal; the peak at 4.5 A is retained, and a new peak,
indicative of the polymeric sulfur chains formation, appears at
approximately 4 A (marked by an orange vertical dashed line). The PDF
of w-S, which is crystalline chain sulfur obtained by quenching high-
temperature amorphous sulfur and washing away the ring compo-
nents with CS, solvent, is shown by a blue curve in Fig. 4d. The third
nearest neighbor is a single peak structure and does not overlap with
the position of the fingerprint peak of Sg molecules (4.5A). This
characteristic is consistent between Am-Sp and ®-S, indicating that
both have an all-chain structure. Similar to w-S, Am-Sp exhibits a
broader peak in the 5-6 A range, more pronounced than in liquid
sulfur, which suggests that the sulfur chains in Am-Sp are more ordered
than those in the liquid state. We also compared the Raman spectra of
Am-Sp and -S in Supplementary Fig. 13, demonstrating that Am-Sp has
a similar helical long-chain structure to the w-S.

We employed molecular dynamics to simulate the ring-opening
mechanism of randomly distributed Sg rings under pressure and cal-
culated the XRD patterns for pure rings, pure chains, and a mixture of

rings and chains in amorphous sulfur. The calculated results closely
matched the experimentally measured data (Supplementary Fig. 14).
We also studied the thermodynamic stability and photostability of
Am-Sp, Fig. 4. Upon compression to 25.5GPa at RT, no structural
changes were observed in the XRD patterns and Raman scattering of
amorphous sulfur, except for the shift in peak positions and pressure-
induced broadening of the Raman peaks, which caused the left
shoulder to appear more pronounced (Fig. 4a, b). It is reported that the
rings in crystalline a-Sg will open and transform into trigonal chains
(S-l) under blue and green laser irradiation within 10 GPa’. In contrast,
Am-Sp exhibits remarkable photostability under high-intensity irra-
diation from a 532 nm laser (100 mW in our experiments) at pressures
up to 25.5 GPa, suggesting that the Am-Sp no longer contains Sg rings.
Figure 4c¢ shows the isobaric variable-temperature Raman scattering of
Am-Sp under the pressure of 5 GPa. The Am-Sp remains stable across a
wide temperature range, from 5 to 573 K. We also decompressed Am-Sp
at room and low temperatures and found that it remains (meta)stable
down to approximately 3 GPa (see Raman and XRD data in Fig. 4d and
Supplementary Fig. 15). The amorphous sulfur recovered at ambient
pressure and room temperature contains 57% chains, whereas the
sample released at 173 K contains 75%, indicating that lower tempera-
tures favor the retention of chain sulfur. We summarize the experi-
mental results and present them in the phase diagram shown in Fig. 2b.

Nature Communications | (2025)16:357


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55028-w

The light red area represents the (meta)stable region of Am-Sp, over-
lapping with the main region typically associated with the S-/ phase.

Discussion

The polymorphism that arises from transformations in molecular
structures is observed in high-pressure liquids, crystalline solids, and
amorphous materials'® 2. Sulfur is one of the few elements that exhibit
a vast panoply of states which often differs in its molecular structure
changes. The transformation of molecular composition under differ-
ent P-T conditions is considered the fundamental cause of sulfur’s
phase transitions® . However, our experiments indicate that phase
states of sulfur, specifically the stacking of Sg molecules, can also lead
to alterations in molecular structure—a phenomenon not commonly
observed under compression. During rapid compression, Sg rings in
liquid and amorphous states undergo continuous ring-opening reac-
tions at relatively low pressures (-0.3 GPa). In contrast, crystalline Sg
rings require substantially higher P-T conditions for ring opening. For
instance, the transition from Sg rings to triangular chains occurs at
3 GPa and 673 K (from S-/ to S-Il), and to squared chains above 36 GPa
and at room temperature (from S-/ to S-lll). The disordered stacking
state facilitates the dissociation and polymerization of Sg rings, while
the resulting polymeric chains effectively inhibit crystallization and,
thus, stabilize the amorphous state. This demonstrates that the
molecular structure and phase structure relationship is complex and
bidirectional, especially under high P-T conditions. Changes in the
molecular structure can initiate phase transitions, but conversely, the
occurrence of a phase transition can also drive alterations in molecular
structure.

Cyclic ring sulfur (mostly Sg) is a copious by-product of petroleum
refining and is considered an environmental and storage burden. On
the contrary, chain sulfur can potentially be linked by monomers and
converted to a great variety of sulfur-based, high-performance plastics
with superior optical, thermal, electrical, mechanical, and chemical
properties for a vast range of possible applications from infrared
imaging devices to alkali metal batteries. The “inverse vulcanization”
process* that opens the sulfur ring with chemical or photoinduced”
methods to form sulfur-based copolymer chains has recently attracted
a great deal of attention among materials scientists***. Our study
demonstrates that, in contrast to crystalline sulfur, a disordered
stacking state promotes the dissociation of Sg rings at relatively low
pressures. It is reasonable to expect that this will facilitate the sub-
sequent copolymerization of elemental sulfur with unsaturated
organic molecules. These findings could pave the way for innovative
strategies in inverse vulcanization and other sulfur recycling
methodologies.

Thermal quenching or rapid compression of sulfur melt are two
effective ways to produce a disordered state. The former leads to the
synthesis of the amorphous material but does not break the Sg mole-
cules and the resulting glass reflects the molecular structure of the
liquid above. Unlike temperature quenching, fast compression can
open the rings and force the ring-to-chain transformation, which leads
to the glassy state made up of the atomic chains. Interestingly, the
chain glass synthesizes near the P-T area of S-Il phase, made of the
triangular chains®. This phase can be synthesized from S-/ at above
600K and, therefore, in some sense, represents the structural motif
that sulfur adopts upon rapid compression and solidification. This
pure-chain sulfur glass opens up opportunities to study the structure
and property relationships of various other phases of sulfur and their
interactions. The rapid compression method can introduce consider-
able density changes and drive subtle structure transformations in the
melt, resulting in amorphous products with distinct properties. This
ability to produce amorphous materials with modified molecular
structures or short- to medium-range order underscores a key differ-
ence from the temperature quenching process, providing an effective
way to synthesize potentially useful materials.

Methods

Experimental process

The starting sulfur powder was supplied by Shanghai Chem. Co. of
China Medicine Group, with a purity of 99.9999%. Before all the
measurements, the material was kept under a vacuum at a moderate
temperature (353 K) for three days to reduce the moisture to a neg-
ligible level. In the compression experiments of liquid S, the
sulfur sample was contained in a 200-um-diameter hole in a T301
gasket, and no pressure-transmitting media was used. The gasket
itself was pre-indented to ~60 um thickness and clamped between
two diamond anvils. The pressure was measured by the ruby-scale
method?®.

Raman spectroscopy

Raman experiments were carried out using a spectrometer (Spec-
traPro HRS-500, Princeton Instruments) coupled with an electron-
multiplying charge-coupled device (ProEM 1024B, Princeton Instru-
ments) with a 532 nm wavelength excitation. Raman spectra were
collected in a backscattering geometry with an 1800 g/mm grating,
and the slit width was 65um, corresponding to a resolution of ca.
1cm™. The sample image could also be collected through an achro-
matic lens, which was then focused onto a CCD detector to visually
monitor the experiments (see Supplementary Fig. 1). (see ref. 12) We
conducted six time-resolved Raman experiments utilizing the dynamic
diamond anvil cell (d-DAC) capable of operating at elevated tem-
peratures (see the DAC used for heating experiments in Supplemen-
tary Fig. 2). The Raman spectra collected as a function of time allow us
to monitor the evolution of the sulfur’s state during the compression
process. The laser power was kept below 1 mW (532 nm) to reduce the
effect of photochemistry on the sample.

Polymer content (®) of sulfur

The polymer content of liquid S is defined by the relative weight
fraction of polymeric chains to the total sulfur content. It can be cal-
culated from the in-situ measurement of the Raman stretching spectra
by the formula: ® = Sp/(Sp+ Sg)”. The Sp (orange-shaded area in Fig. 2)
and Sy (blue-shaded area in Fig. 2) denote the integrated intensity of
the polymeric chains’ and Sg rings’ stretching modes, respectively. At
zero pressure, the integrated area of the stretching mode at approxi-
mately 460 cm™ and 471 cm™ are assigned to the S-S stretching modes
of the polymeric chains and Sg rings, respectively. These Raman modes
shift as the pressure changes, and the peak positions used for the fit
refer to the movement of crystallized sulfur under pressure. The peak
fitting analyses are based on Gaussian-Lorentzian peak forms. The
method for calculating the polymer content, along with the peaks fit-
ting criteria of the Sg and Sp are introduced in detail in Supplementary
Figs. 4 and 5.

X-ray diffraction

In-situ angle dispersive X-ray diffraction (XRD) measurements were
performed at beamline 15U, the Shanghai Synchrotron Radiation
Facility (SSRF, China), beamline 4W2, Beijing Synchrotron Radiation
Facility (BSRF, China), and beamline 10XU, Super Photon ring-8 GeV
(SPring-8, Japan). The collected 2-D images were integrated and
subsequently performed with the software FIT2D to obtain plots of
intensity versus 20%. We carried out two synchrotron XRD experi-
ments at the BSRF and SSRF to monitor the formation of Am-Sp at
403 K. We prepared Am-Sp in a wide-opening angle DAC using liquid
helium as the pressure-transmitting medium and collected the XRD
data at SPring-8 under conditions of 4.1 GPa and room temperature.
The DAC background was subtracted for the typical integrated XRD
patterns. The structure factor, S(Q), was derived from the diffraction
pattern of Am-Sp, and the pair distribution function, g(r), was
obtained by Fourier transforming S(Q) using the algorithm outlined
in ref. 28.
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Theoretical simulation

Simulations were carried out using molecular dynamics adopting the
projector-augmented plane-wave (PAW) method with the Vienna ab
initio simulation (VASP) code® . PAW potentials with a 350-eV energy
cutoff were used with the local density approximation (LDA)
exchange-correlation functional of Ceperley and Alder, as para-
meterized by Perdew and Zunger (CA-PZ) for molecular dynamics®.
The NPT ensembles were carried out with simulation cells consisting of
256 sulfur atoms using I'-point sampling. The initial structure used was
«-Sg with the space group of Fddd. At first, the system was heated to
1000 K for 10 ps to guarantee complete melting and then equilibrated
at 403K and atmospheric pressure for 20 ps. Then, the system was
rapid-compressed to 1.9 and 5GPa and equilibrated for 20 ps,
respectively. Finally, the system was recovered to atmospheric pres-
sure and 298K for 20 ps to examine the stability at atmospheric con-
ditions. See the optimized computational models and molecular
dynamics trajectories provided as Supplementary Data 1-3.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided in
this paper.

Code availability
The codes that support the findings of this study are available from the
corresponding author upon request.
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