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We investigated the responses of three representative molecular
solids to swift heavy ion irradiation at high pressures. The coupled
extreme conditions induce markedly different changes, including
polymerization, decomposition, and phase transitions. This syner-
gistic approach offers a promising route for designing novel mate-
rials with distinct structures and properties.

Swift heavy ions (SHIs) refer to ions heavier than carbon that
are accelerated to kinetic energies in the MeV-GeV range at
large accelerator facilities. When traversing a material, each
SHI interacts primarily through electronic stopping, with high
energy densities being deposited to the target."”* This triggers
intense electronic excitation and ionization processes along the
ion trajectory on ultrafast timescales (~10~"°-10"" ). The
energy stored in the electronic subsystem is subsequently
transferred to the atomic lattice via electron-phonon coupling,
initiating the formation of a cylindrical damage zone, com-
monly referred to as an ion track.>* Such tracks typically have a
diameter of 5-10 nm, while their length depends on the ion
energy and the corresponding range in the material. Proposed
mechanisms for track formation include local melting (thermal
spike), lattice destabilisation and rapid recrystallization.>* The
specific response to these extreme excitations depends strongly
on intrinsic material properties. Observed physical and
chemical modifications include the formation of extended
defects, phase transitions, amorphization and chemical reac-
tions along the track. Up to now, most SHI irradiation experi-
ments have been conducted under ambient pressure. The
combination of static high pressure and SHI irradiation has
been demonstrated to affect the phase behavior of ionic
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compounds in ways distinct from those induced by pressure
or irradiation alone.””

In contrast to ionic compounds, the constituents of mole-
cular solids are held together by weak intermolecular forces,
such as van der Waals interactions and hydrogen bonds.® This
fundamental distinction in bonding and structure gives rise to
significant differences in their physical and chemical beha-
viors. When subjected to compression, molecular systems may
undergo profound transitions from molecular states to
extended atomic networks, driven by reduced intermolecular
distances and increased overlap of electronic orbitals.®® These
changes may give rise to emergent phenomena such as poly-
merization, metallization, or superconductivity.®® Due to such
different characteristics, SHI irradiation at high pressures is
expected to induce responses in molecular solids that differ
substantially from those observed in ionic compounds.

We investigated irradiation effects by Raman and optical
imaging in a series of molecular systems, including carbon
monoxide (CO), urea(CO(NH,),), and sulfur. For the irradiation
of pressurized molecular solids in diamond anvil cells (DACs)
(Fig. 1), we used a dedicated platform recently installed at a
beamline of the heavy ion synchrotron (SIS18) operated by the
GSI Helmholtz Center for Heavy Ion Research (Darmstadt,
Germany).'® This approach identifies distinct phenomena such
as polymerization, decomposition, or phase transition, and pro-
vides a basis for exploring a broader range of molecular systems
under the synergistic effects of SHI irradiation and high pressure.

CO has been extensively studied at high pressures because
of its ability to transform into a high-energy-density material by
polymerization.'" At pressures below 5 GPa, CO exists as
molecular crystals exhibiting three solid phases (,0,£)."> When
the pressure exceeds 5 GPa, molecular CO becomes unstable
and begins to transform into polymeric CO (p-CO), consisting
of lactone-like carbonyl groups and chains with conjugated
C—C bonds."

The mixture of CO and helium at 4.2(2) GPa is used for SHI
irradiation experiments. Before irradiation, our CO-helium
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Fig. 1 Simplified scheme of SHI irradiation of molecular solids under high
pressure conditions.

sample at 4.2(2) GPa is transparent and colorless with a clearly
visible phase separation,'* as shown in Fig. 2a. The helium
bubble enables the identification and monitoring of the CO in
the DAC during irradiation. After SHI exposure to a fluence of
3.0 x 10" ions em™?, the CO turns dark (Fig. 2a), indicating
substantial beam-induced structural modifications. Noticeably,
some coloration also appears in the helium bubble, although it
is less pronounced than that in the CO solid region. We assume
that this originates from colored CO dissolved in helium. In situ
optical imaging reveals a gradual darkening of both helium and
CO areas with increasing ion fluence (Fig. 2¢), suggesting that
the structural transition during SHI irradiation proceeds in a
progressive way rather than an uncontrolled chain mechanism
(e.g- radical reactions).

Raman spectra before and after SHI irradiation of 3 x 10"?
ions em™? fluence are shown in Fig. 2b. Upon irradiation, the
sharp C=0 stretching band at 2140 cm™ ' observed in the
pristine sample disappears completely, and a new broad peak
emerges at around 1600 cm™'. This broad Raman feature is
characteristic of disordered polymeric carbon-oxygen networks
(p-CO) containing conjugated C—C and C—O bonds,'""*
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indicating that the coloration after irradiation results from
the transformation of molecular CO into p-CO. For comparison,
the CO-helium mixture is compressed to 8.7(3) GPa without
irradiation to obtain p-CO by pressure alone. The Raman
spectrum of the pressure-induced product (Fig. S1) resembles
that of irradiation-induced p-CO. From the optical images, the
solid CO region turns yellow, whereas most of the helium
region remains colorless (Fig. S2). Our results suggest that
SHI irradiation at 4.2(2) GPa can effectively trigger the poly-
merization of CO, below the typical pressure threshold of above
5 GPa without irradiation. This implies that CO molecules can
be effectively activated for bond reconfiguration through SHI-
induced electronic excitation, thereby lowering the pressure
threshold to overcome the thermodynamic barrier. Further
experiments at lower pressures are expected to elucidate the
minimum pressure at which SHI irradiation can initiate CO
polymerization. The simultaneous application of pressure and
ion irradiation offers an alternative pathway for synthesizing
high-energy-density carbon-oxygen materials.

Urea is one of the most common nitrogen-containing
organic compounds in the Earth’s shallow crust.’> Unlike CO,
where the molecules are bound to each other by van der Waals
interactions, urea forms a three-dimensional network in which
the molecules are linked by N-H---O hydrogen bonds. High
pressure can alter the strength and geometry of these hydrogen
bonds, thereby inducing multiple phase transitions in the
sequence I-III-IV-V at respective pressures of 0.5 GPa, 3.0
GPa and above 7.0 GPa according to the literature.'®™® As the
nomenclature of urea phases is inconsistent in the literature,
we follow the phase naming adopted in these papers.'”*®

Two DACs were loaded with urea samples, and subsequently
pressurized to 1.1(2) GPa and 7.1(3) GPa, respectively. After
irradiation up to fluence of 2.3 x 10"? ions cm ™ ? at 1.1(2) GPa,
the sample turns yellow-brown (Fig. S3), whereas its color
remains nearly unchanged up to 3.4 x 10" ions cm™> at
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Fig. 2 CO at 4.2(2) GPa before and after ion irradiation with 3.0 x 10 ions cm™2. (a) Off-line optical images of CO-helium mixture before (top) and after
(bottom) irradiation; (b) Off-line Raman spectra of CO before (top) and after (bottom) irradiation; (c) In situ optical imaging of CO during irradiation. The 'x’
marks in (a) indicate a representative off-line Raman measurement point from which the spectra in (b) were obtained. The scale bar is 50 um.
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Fig. 3 Raman spectroscopy of urea upon SHI irradiation at 1.1(2) GPa with fluence up to 2.3 x 102 ions cm~2 and at 7.1(3) GPa with fluence up to 3.4 x

102 ions cm™2

Raman spectra at 7.1(3) GPa before and after irradiation.

7.1(3) GPa. The UV-Vis spectra (Fig. S4) show that the sample
irradiated at 1.1(2) GPa exhibits a pronounced shift towards
longer wavelengths relative to that at 7.1(3) GPa, consistent
with the observed color difference in Fig. S3. This red shift
indicates a greater m-conjugation length arising from a higher
degree of aromatization."®

The Raman spectrum collected before irradiation at 1.1(2) GPa
(Fig. 3a) exhibits the characteristic sharp peaks of crystalline urea
in phase III,'® including lattice modes in the low-frequency region
(<200 cm™ "), weak C-N bending modes near 500-600 cm ™, and
prominent C-N stretching modes at ~1000 cm ™. SHI irradiation
with fluence of 2.3 x 10" ions cm™? at 1.1(2) GPa results in a
complete loss of sharp peaks, producing a featureless fluorescent
background indicative of significant structural modifications.
The corresponding fluorescence spectrum (Fig. S5) displays a
broad emission band from 500 to 850 nm centered at 660 nm
with no detectable Raman modes. The fluorescence characteris-
tics match those of urea decomposition products formed upon
heating, namely nitrogen, oxygen-contained carbon nanodots
composed of various molecular fluorophores.*® Thus, we infer
that SHI irradiation induces decomposition of urea at 1.1(2) GPa.
The in situ Raman spectra of urea recorded during SHI irradiation
at 1.1(2) GPa (Fig. 3b) reveal a gradually increasing fluorescence
background accompanied by an intensity decrease of Raman
bands associated with C-N vibrations (at ~1000 cm ™).

The Raman spectrum of urea at 7.1(3) GPa before irradiation
(Fig. 3c) corresponds to the phase IV'® with a denser molecular
packing and reorganization of the N-H-:--O hydrogen-bond
network into a more heterogeneous configuration,'®'”
denced by the featureless N-H modes in 3200-3400 cm ™' range
(Fig. S6). After irradiation at 7.1(3) GPa with fluence 3.4 x 10"
ions cm ™2, the Raman peaks of urea are still present despite the
fluorescent background. The sharp C-N stretching band near
1040 cm ' shows a slight broadening, accompanied by a
featureless C-N bending band at 600 cm ™ *. The N-H modes
in 3200-3400 cm ™' are no longer detectable due to the fluor-
escent background. The lattice modes below 300 cm™" decrease
in intensity and become more or less featureless, indicating
partial disordering or amorphization of the urea crystal.

evi-
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. (a) Off-line Raman spectra at 1.1(2) GPa before and after irradiation; (b) In situ Raman spectra at 1.1(2) GPa during irradiation; (c) Off-line

The pressure dependence of the SHI-induced degradation in
urea is of particular interest for the production of nitrogen-
containing carbon materials, as it offers insights into how
materials can be tailored through controlled design and synth-
esis conditions. The different molecular packing at different
pressures may contribute to this pressure-dependent phenom-
enon because structural and thermal properties of the material
could affect the energy transfer from the electronic to the
atomic subsystem in multiple ways.> However, additional data
across a wider range of beam and pressure parameters will be
required in future experiments to elucidate the mechanisms.

In contrast to compounds such as CO and urea, sulfur is a
monoatomic molecular solid. It exhibits a diversity of allo-
tropes, including a wide range of cyclic and chain-like mole-
cular forms.”" At ambient pressure, sulfur primarily exists as
cyclic Sg molecules, with the most stable phase being orthor-
hombic a-Sg (S-I). Under high-pressure high-temperature con-
ditions, sulfur undergoes a series of phase transitions, forming
multiple solid phases,*” including monoclinic B-Sg and rhom-
bohedral S¢ (S-IV) with cyclic molecules, as well as trigonal (S-1I)
and tetragonal (S-III) phases composed of chain-like molecules.

The sulfur crystals are compressed in two DACs, together
with the urea samples, to 1.1(2) GPa and 7.1(3) GPa, respectively.
At 1.1(2) GPa, the initially nearly transparent sample develops a
pronounced yellow coloration (Fig. S8). The UV-Vis absorption
spectrum (Fig. S7) shows a steep absorption edge at around
450 nm, consistent with the observed yellow appearance. Before
irradiation, the Raman spectrum at 1.1(2) GPa exhibits the
characteristic peaks of orthorhombic ¢-Sg,>* dominated by the
symmetric S-S stretching mode at ~475 cm™ ' and a symmetric
S-S-S ring-bending mode in the range of 120-300 cm ™" (Fig. 4a).
Several weaker modes are also observed below 120 cm ™, con-
sistent with the known lattice mode of 0-Sg.>* After SHI irradia-
tion at 1.1(2) GPa, the peaks associated with lattice and S-S-S
bending modes (<300 cm ') appear on an enhanced back-
ground. The dominant S-S stretching band at 475 cm ™" becomes
broader and more asymmetric. These changes indicate that the
long-range crystalline order of orthorhombic o-Sg is partially
destroyed >34
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Fig. 4 Off-line Raman spectroscopy of sulfur before and after SHI irra-

diation at 1.1(2) GPa (a) with fluence up to 2.3 x 102 ions cm~2 and at 7.1(3)

GPa (b) with fluence up to 3.4 x 10*? ions cm™2.

The optical images (Fig. S7) collected at 7.1(3) GPa before
and after irradiation reveal a color change from yellow to dark
red, which is a well-known signature of the transition from
ring-like Sg molecules to chain-like sulfur structures.>">* This
darkening indicates that SHI irradiation induces ring opening
and formation of polymeric chain sulfur. At the higher pressure
of 7.1(3) GPa before irradiation, the sharp peak at 489 cm™"
(S-S stretching) and small peaks in the 150-280 cm ™" range (ring-
bending modes) suggest that Sg rings still exist at this pressure.
The broad band between 300 and 600 cm™" is characteristic of
chain-like sulfur molecules due to fast compression.*>*® These
features indicate that sulfur at 7.1(3) GPa consists of an amor-
phous mixture of Sg rings and chain-like sulfur species. After SHI
irradiation at 7.1(3) GPa, three prominent sharp peaks appear at
440, 469, 516 cm ™" assigned to S-S stretching modes of the S-II
phase,®" a clear signal for a transformation from molecular Sg
rings to an ordered, triangular-chain high-pressure phase
(S-II).ZLZS

These results demonstrate that SHI irradiation in combi-
nation with pressure efficiently breaks Sg rings and drives the
system toward a more ordered polymeric chain-like structure,
which is thermodynamically stable above 400 °C in the pressure
range of 2-10 GPa.>" Chain-like sulfur materials are considered
promising for applications in diverse fields, including optoe-
lectronic devices, energy-storage batteries, and infrared func-
tional materials.?*> Our results suggest a potential pathway for
the formation of novel chain-structured materials.

Pressure can drive materials toward new thermodynamic
equilibrium states by fundamentally altering their physical and
chemical bonding.”” However, kinetically controlled techni-
ques are frequently required to accelerate the transformation.””
Our results demonstrate that SHI irradiation offers an alter-
native way of manipulating kinetic pathways in molecular
solids by inducing physical and chemical changes at pressures
below the equilibrium transition thresholds. SHI irradiation
not only drives physical phase transitions, as previously
observed in ionic compounds,”” but also induces chemical
reactions in molecular solids, as evidenced by the polymeriza-
tion of CO and the decomposition of urea. A key advantage of
SHI irradiation compared with other techniques, such as laser
heating or photoirradiation, is that the deposited energy den-
sity and thus the level of electronic excitation responsible for
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driving structural modifications, is extremely high and spatially
confined to the nanoscale region surrounding the ion
trajectories.>™ This method holds promise for the fabrication
of two-phase composites mixed at the nanoscale, which is
significant but difficult to achieve by other methods. Our
findings reveal novel processes and provide new insights into
the synergistic effects of SHI irradiation and high-pressure
conditions in molecular systems. Future work combining
in situ characterization and theoretical modeling will further
elucidate the fundamental mechanisms driving these none-
quilibrium transformations.
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