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Enhancing intermolecular interactions can reduce the band gap energy of organic molecules.
Consequently, certain polycyclic aromatic hydrocarbons — typically wide-band-gap insulators — may
undergo insulator-to-metal transitions under simple compression. This pressure-induced electronic
transition could enable the transformation of non-metallic organic materials into states exhibiting
intriguing electronic properties, including high-temperature superconductivity. Here we investigate a
pressure-induced transition in dicoronylene (C4gH>0), an insulator at ambient conditions, to a
semiconducting state with a resistivity drop of three-orders-of-magnitude at 23.0 GPa. Through the
complementary integration of transport property measurements with in situ UV-Visible absorption,
Raman spectroscopy and synchrotron X-ray diffraction experiments, as well as first-principles studies,
we propose a possible mechanism for the pressure-driven electronic structure evolution of C4gH»q. The
discovery of an intriguing electronic transition at pressures well below the megabar observed marks a

promising step towards realizing a single-component purely hydrocarbon molecular metal.

Insulator-to-metal (I-M) transition has been a topic of fundamental interest
ever since the introduction of a model for the electronic band structure of
solids". Back in 1968, Ashcroft pointed out that metallic hydrogen would be
aroom temperature (RT) superconductor’, and since then the realization of
metallic hydrogen has been a long-standing challenge in condensed matter
physics. However, the experimental confirmation of metallic hydrogen is
extremely challenging, requiring ultra-high pressures of at least 350 GPa’.
With the rapid advancement of experimental high-pressure techniques,
some researchers have claimed the existence of metallic and semi-metallic
hydrogen*”, but an unambiguous experimental confirmation of such
observations remains extremely difficult. More recently, efforts have focused
on hydrogen-dominant alloys such as binary and ternary metal hydrides, as
well as superhydrides, in which the electron density at the hydrogen atoms is
pre-compressed, comparable to pure hydrogen compressed to megabar
pressure”'". The hydrogen atoms in these compounds are predicted to have
characteristics similar to idealized pure metallic hydrogen at substantially
lower pressures.

Along the same lines, organic molecular compounds based on light
elements like carbon hold significant potential for achieving high critical
temperatures (T;) superconductivity. Theoretically, carbon- and hydrogen-
rich materials are promising candidates, as they can provide the high-
frequency phonon modes and strong electron-phonon coupling necessary
for such phenomena. This has spurred considerable research into polycyclic
aromatic hydrocarbons (PAHs), molecular systems with robust electron-
phonon interactions, as a compelling platform for designing high T.
superconductors'**. Over recent years, many investigations were done to
investigate this family of organic compounds under extreme thermo-
dynamic conditions to search for new polymorphs and to understand the
mechanism that regulate the creation, stability, and changes of crystal
structures of these organic molecules” . Reviewing the experimental data
so far, studies involving conjugated organic molecules such as PAH solids
above 10 GPa are scarce. In general, this is largely down to the widespread
misconception that organic crystals are easily decomposed when com-
pressed and the technical difficulties of conducting tests on such delicate
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materials. Consequently, the PAH molecules have long been supposed to
have minimal structural flexibility under pressure and have been studied
using single-crystal measurements only up to 2.1 GPa. Some exceptional
examples involve the investigation of the crystal structures of anthracene
(C14H,g) (up to 27.8 GPa)", benzo[a]pyrene (CyoH),) (up to 28.0 GPa)",
dicoronylene (Cy5H,) (up to 20.2)", chrysene (CgH},) (up to 20 GPa)'*
and pyrene (C,¢H o) (up to 35 GPa)™. Contrary to the previous belief that
large organic molecules have low conformational flexibility under pressure,
Zhou et al. demonstrated that gradual compression results in continuous
compaction of molecular packing, eventually leading to previously unknown
molecule curvature”. Yet, the above studies primarily address the
mechanical response of PAH crystallographic network from a structural
perspective, enhancing our understanding of their structural dynamics and
stability under high pressure. There have been many efforts, but it is still not
easy to bridge the complex structure-property gap of PAHs at high pressures.

Another, rather recent, Aschroft’s theoretical study highlighted that
there may exists a narrow pressure range between 180-200 GPa where
benzene (C4Hj) display molecular metallic states. The concept involves the
synthesis of hydrogen and carbon “alloy” that can effectively decrease its
band gap at RT and by applying high-pressures to enhance electron-phonon
interaction that can potentially induce transition into a metallic state’.
Similarly, theoretical calculations on triphenylene (C;sH;,) revealed that it
may turn metallic at 180 GPa™. The magnitude of their electron-phonon
interaction depends on the distance between the nearest-neighbour (nn)
molecules™ and thus, the knowledge of the intermolecular distance can be
critical in understanding the mechanism for physical properties under high
pressure. Despite several experimental attempts to discover a metallic
molecular state in a carbon-hydrogen system, the only PAH molecule that
has been reported to have electronic transition is pentacene (C,,H14), where
semiconductor to metallic transition was observed at 27 GPa by Drickamer
in 1962, However, this phenomenon has not been reproduced, as other
studies found pentacene remain semiconducting up to 11 GPa, loses their
molecular form beyond this pressure” . Other attempts to discover a
metallic state in PAHs have only confirmed the occurrence of an irreversible
chemical process at 8-20 GPa™, which is far below the expected critical
pressure for the formation of a metallic state.

To achieve a conductive state in PAHs, the band gap energy must be
further pre-compressed at ambient conditions and improve the chemical
stability of the molecule so that the band gap can be closed by physical
compression before the molecule decomposes. It is well-known that
increasing the number of aromatic rings, or more specifically, the amount of
n-electrons, allows for effective tuning of the band gap energy of PAH
molecules™. As an illustration, CsHg has an optical band gap of about 6 eV
with 6 m-electrons™, CgH}, has an optical band gap of 4 eV with 18 n-
electrons™, and C,4H,,, which has 24 mt-electrons, has an optical band gap of
2.8 eV (Scheme 1c)*. This is due to the condensation of strongly conjugated
n-systems. In addition, our most recent high-pressure investigations on large
PAH molecules, ie., C,4H;, where the CsHg rings are fused together in a
disc-like fashion, have shown that they can maintain their chemical stability
up to pressures exceeding 20 GPa™. These signatures in a compressional
behavior of Cy4H), are revealing indication that large PAH molecules show a
potential for high-pressure superconductivity and the I-M transition.

Herein, we focus on the effects of pressure on the large PAH molecule,
CysHyo, which is formed by chemical fusion of two C,4H;, molecules,
resulting in an optically red single crystal. The workflow utilizes various
techniques under mechanical compression-responsive conditions, includ-
ing optical absorption measurements, electrical resistance measurements,
Raman and IR spectroscopy data collection, synchrotron single crystal
X-ray diffraction (SC-XRD) and powder X-ray diffraction (SP-XRD)
experiments, and ab initio calculations to support the experimental data. At
ambient conditions, the band gap energy of CygH, is reduced to 2.21 eV
from 2.8 eV for the C,,H;, monomer. We observed a continuous closing of
the band gap of C4gH,, from 2.21 eV at ambient conditions down to 0.7 eV
at 33.6 GPa, accompanied by a change in the optical color of the crystal from
red to completely black. Our findings, corroborated by electrical resistance
studies that varied with temperature, show that the semi-metallic character
of CysH, becomes apparent in the pressure range of 23.0-38.0 GPa. In
addition, the compressional behavior of C4sH, is shown by pressure-driven
XRD experiments and complementary Raman spectroscopy measure-
ments, which make use of soft structural distortions to allow for delicate
manipulation of its band gap. In particular, the SC-XRD revealed that the
semi-metallic state occurs when the intermolecular n C-C distance is shorter

Scheme 1 | a Dicoronylene (C43H,) obtained via
vapor phase fusion reaction of coronene (C,4H,,)
molecules. Molecular structures, crystal structures
and optical micrographs of C4H;, and CysHy.

b Absorption spectra (Absorbance Unit, A.U.) of
C,4H,;, (yellow) and C43H,, (pink). ¢ Optical band
gaps derived from absorption spectrum for four
PAH molecules plotted against the number of -
electrons. Green line is for the guide to the eyes.
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than 2.8 A and the irreversible chemical reaction takes place at a C-C dis-
tance of 2.6 A. As far as we know, no other single-crystal data on PAHs have
been reported to date that provide meaningful information for interpreting
predictions and understanding the relationships between their structure and
properties. The first-principles calculations provide information about the
chemical bonds and electronic properties and confirm the experimental
results, according to which the band gap is closed under physical pressure at
28.0 GPa. We have demonstrated that the increasing number of nt-electrons
can chemically pre-compress the band gap significantly, whereupon phy-
sical compression can further reduce the band gap, leading to a transition
from insulator to semiconductor in C4sH,. This is a huge advantage over
ordinary so-called superhydride materials, which require high-pressure and
high-temperature synthesis in the diamond anvil cell (DAC), resulting in
multicomponent, multiphase crystals on a micrometer scale’*”. The finding
of an electronic transition at a pressure that is far lower than one megabar isa
piece of hopeful news for the potential creation of a wholly organic mole-
cular single-component metal in large PAH molecular crystals system.

Results and discussion

Characterization at ambient pressure

Details about the preparation of CygH,, can be found in our previous
publication'’. The SC-XRD of C45H,, under ambient conditions shows that
it crystallizes in a monoclinic S-herringbone assembly with the cen-
trosymmetric space group P2;/c, whose structure matched those of God-
dard et al.*®, Drawing the comparison, the structure refinement against SC-
XRD data at ambient conditions yielded the following lattice metrics of
CusHao: a=10.3940(8) A, b=3.8402(3) A, c=31.990(3) A, 8 =90.248(2)°,
V'=1276.89(17) A°, with the final anisotropic full-matrix refinement con-
verging at R, =2.4% for the observed data and ,,R,=7.4% for all data.
Details of the crystal structure extracted from the refined SC-XRD data can

be found in the Supplementary information Table S1. The crystalline
CysHao exhibits strong red fluorescence emission bands when irradiated
with lasers emitting in visible frequencies. The very strong fluorescence
obscures the weak Raman modes recorded with laser sources at wavelengths
of 633 and 532 nm. Out of the 204 active Raman modes of C4gH,,, only 20
lines were observed when the laser excitation wavelength was 1064 nm
(Supplementary Fig. 1). To estimate the optical band gap of CysH, at
ambient conditions, the absorption spectrum was first transformed spec-
trum into Tauc plot, a'? vs hv curve, where a is the absorption coefficient, h
is Planck constant, and v is the frequency of the photon. The region showing
a steep, linear increase of light absorption with increasing energy is char-
acteristic of semiconductor materials, and the x-axis intersection point of the
linear fit gives an estimate of the band gap energy’”. This value is much
smaller than that of other PAHs, such as, CsHg (6.0 €V), naphthalene
(C1oHs) (4.2 €V), phenanthrene (C;4H) (4.16 eV), CgH;, (3.95 V), tet-
racene (CigHy,) (2.54€V), pyrene (CigHjo) (3.03eV), and CyHj,
(2.8 V)’ The pressure-dependent electronic structures at various
pressure points were calculated using density functional theory (DFT) based
on the ambient pressure structure to predict the pressure required for the
band gap closure. The band gap closure for C,5H,, was expected to occur at
roughly 50.0 GPa, which is still quite high for organic molecules, but cer-
tainly achievable, especially when compared to predictions for other PAH
molecules, such as 190 GPa for C¢Hg, 160 GPa for C,sH;», and 117 GPa for
benza[a]anthracene (C,gH;,) ****".

Optical absorption spectroscopy and band gap closure

Turning our attention to the physical properties, the in-situ UV-vis
absorption spectra upon compression are shown in Fig. 1. Upon com-
pression, the absorption increases and broadens, corresponding to the
change in the optical color of the crystal from red to dark red, opaque black

Fig. 1 | In-situ pressure-dependent absorption
spectra of a single crystal C,5H,. a Optical
absorption spectra recorded during compression
from ambient pressure up to 30.3 GPa, and their
corresponding Tauc plot to estimate the optical
band gap energies. b Optical images of C,5H,, at
each pressure point where the color of the crystal
changes from red, dark-red, opaque black and black.
¢ Estimated and calculated band gap energies as a
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above 10.0 GPa, and completely black above 24.0 GPa (Fig. 1b). The
transformation of this crystal color is reversible, with the original crystal
color being restored when the applied pressure of 14.0 GPa is completely
released (Supplementary Fig. 2a), but irreversible when it is released from
60.0 GPa (Supplementary Fig. 2b). At higher pressures, a broadening and
continuous red-shift of the UV-Vis absorption spectra extends to longer
wavelengths and eventually covers the entire visible and near-infrared (NIR)
range. Above 24.0 GPa, the absorption edge shows a discontinuous, sharp
red-shift, indicating a structural transition accompanied by a complete
blackening of the crystal, where it absorbs all visible and NIR light, i.e., 0%
transmittance. Figure 1c shows the optical band gap as a function of pres-
sure. The optical band gap of C4sH, extracted from the absorption spectra
exhibits systematical decrease from 2.2 eV at ambient conditions to 1.2 eV at
24.0 GPa, and a discontinuous drop to 0.9 eV at 30.3 GPa. When the applied
pressure was further increased above 30.0 GPa, the spectra continued to
show a red-shift, but it was not possible to accurately estimate the optical
band gap because they were outside the measurable limit. At this point, we
observed that the crystal reflects the light shed from the top, which might be
an indication of a transition from the insulator to semi-metallic state
(Supplementary Fig. 2). Figure 1c also shows the pressure evolution of the
band gap derived by DFT calculations. Although, the optical band gap does
not perfectly match the electronic band gap and DFT calculations often
underestimate the band gap energies, they can provide an accurate
approximation. Indeed, the calculated values agree well with the extra-
polation of the extracted optical band gap energies from this experiment.

Above 40.0 GPa, the pressure-dependent absorption edge changes
abruptly, returning to a shorter wavelength (Supplementary Fig. 3). The
blue shifts of the absorption edge are ascribed to the reopening of the band
gap, which is accompanied by a change in the optical color of the crystal
from black to brown and the disappearance of the reflected light. The
reopening of the band gap continues up to 60.0 GPa, with an estimated
optical band gap of 2.53 eV, which is larger than at ambient conditions
(Supplementary Fig. 4). The optical color of the crystal and the band gap
energy remain the same during the pressure release down to 13.0 GPa;
when the pressure is completely released, the color of the crystal changes
into opaque black with the estimated band gap energy of 1.72eV. The
optical discoloration of the crystal to brown and the reopening of the band
gap are clear signs of the loss of conductivity and the possible transfor-
mation into a new insulating state.

The insulator to semiconductor transition

The effects of pressure on the electronic properties and possible pressure-
induced electronic transitions of C,gH,, were further investigated by elec-
trical transport measurements. At ambient conditions, CysH,g is an elec-
trical insulator with the resistivity value beyond the sensitivity of the
equipment used. With increasing pressure in a DAC at RT, we observe a
pronounced decrease in its electrical resistance (Fig. 2). The resistance was

calculated according to the Van de Pauw method using the equation:

exp(—nR, /R,) + exp(—7R,/R,) = 1 (1)
where R; and R, are the two resistances measured by the four-probe method
and R is the sheet resistance®. The electrical resistivity p was calculated as
p = R, x t, where tis the thickness of the crystal (approximately 10 um for the
typical CygHy crystal). Up to a pressure of about 15.0 GPa, the resistivity
steadily decreases from ambient pressure as pressure increases. Above
15.0 GPa, the rate of resistance drop accelerate, with the resistivity value
dropping by three orders of magnitude up to around 30.0 GPa. During
compression, the optical color of the crystal was observed to change from
red to black at 25.0 GPa. Above ~25 GPa, Cy;gH,, undergoes a pressure-
induced insulator-semiconductor transition, as evidenced by a decrease in
resistance and a change in the color of the crystal. To confirm the transition,
the temperature dependent resistance measurements were done at three
pressure points, i.e., 13.0, 23.0 and 38.0 GPa, as shown in Fig. 2b. The
electrical resistance at 13.0 GPa instantly increases with decreasing
temperature, which is a typical insulator character. The electrical resistance
at 23.0 GPa, on the other hand, increases exponentially with decreasing
temperature, which is a typical semiconducting character, confirming the
insulator-semiconductor transition. A rapid increase in the RT resistance
value was observed above 40.0 GPa (Supplementary Fig. 5), which
corresponds to pressure-induced amorphization and agree with band gap
opening observed in UV-Vis absorption measurements under high
pressure.

Evolution of crystal lattice vibrational modes at high pressure

To investigate the effects of compression on intermolecular interactions, we
conducted an in-situ high-pressure Raman spectroscopy experiment at RT
up t0 49.0 GPa. While spectroscopic data do not yield direct insights into the
structure of solid materials, it is noteworthy that our group recently con-
ducted a study on the vibrational spectroscopy of C,gH, at pressures up to
approximately 20 GPa. This study revealed enhanced intermolecular
interactions, which are responsible for alterations in crystal color and
diminished PL emission, as hidden Raman modes were detected using a
532 nm green laser above 4.5 GPa". In essence, the assignment of Raman
bands can reveal subtle energy differences between the vibrational modes of
the external and internal crystal lattice, which are influenced by molecular
interactions. Since the outer vibrational modes in the low-frequency region
of the Raman spectrum are particularly sensitive to the crystal shape and
molecular arrangements within the unit cell, the Raman tool complements
the XRD expertise by visualizing details of possible structural changes.
Within this interpretation, the Raman spectra were obtained with a laser
excitation at 532 nm with a normal power density of 0.5 mW/um’ to avoid
spectral changes due to radiation damage. At ambient pressure and below
3.0 GPa, all Raman modes are obscured by the strong fluorescence of the

Fig. 2 | Electrical transport properties of CygHo (a) (b)
under pressure. a RT resistivity of C45H, at various 107 e R e e T T
pressure points. b Temperature-dependent resis- g ; ® 13.0GPa
tivity of C4gH,o measured during heating from . L ] «:g 8| ® 230GPa A
200K to 290 K with a van der Pauw setup at 13.0, E qool **k | = * SeDGRd
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Fig. 3 | High-pressure Raman spectroscopy mea-

surements. a Pressure-dependent Raman spectra of ——
a single-crystal of Cy3H,, recorded during com-
pression using a 532 nm excitation laser. b Selected
Raman spectra in the low-frequency region of
CysH, at pressures above 20.0 GPa. New Raman
modes appeared above 23.0 GPa, indicating struc-
tural transition to new polymorph. ¢ Pressure-
dependence of Raman shifts. Raman modes were
not observed between ambient pressure and 4.0 GPa
owing to fluorescence (as illustrated by the red
dotted line). The phase transition was observed at
pressures above 23.0 GPa (blue dotted line).
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sample, consistent with earlier study'. Fig. 3 shows the evolution of the
Raman modes in CyH,o. The intensity of the entire Raman modes
decreases at 23.0 GPa, which coincides with the change in the color of crystal
to complete black. Looking below 200 cm™, significant changes in the
intermolecular modes take place at 26.0 GPa, with the two lattice modes at
70.0 cm™ and 74.3 cm™ splitting into two doublets. Also, the emergence of
new low-frequency mode at 45cm™ provides additional evidence that
structural shifts towards lower symmetry might be feasible (see Fig. 3b, c).
The low-energy lattice modes in particular are sensitive to changes in crystal
structure, and any change in this region can be directly associated with local
structural changes, leading to phase transitions”. Namely, despite the
absence of alterations in crystal symmetry at 26.0 GPa as detailed in Ref. 19,
the progression of the unit cell volume beyond 15.0 GPa, may suggest a
potential phase transition at this pressure point. Finally, at 40 GPa, all
Raman modes disappear, indicating the occurrence of crystal amophization
transformations or eventual irreversible chemical reaction beyond this
pressure.

When pressure was released from 43 GPa, both lattice and internal
modes reappeared below 30 GPa. The fluorescence emission was also
recovered below 10 GPa, and all the Raman modes are obscured by strong
fluorescence intensity. This indicates that the loss of Raman modes at 40 GPa
is indicating the occurrence of crystal amorphization transformation. When
the pressure was released from 49 GPa, the fluorescence emission was not
recovered even when the pressure was completely released. We observed the
recovery of very weak lattice modes and strong internal modes. Such irre-
versible spectral changes are indicative of permanent structural modifica-
tions, such as occurrence of polymerization. (Supplementary Figs. 6 and 7)

To investigate further the effects of pressure on C,gH,o and their
reversibility, we carried out IR measurements up to a maximum pressure of
39.0 GPa and decompressed to ambient conditions. (Supplementary Fig. 8)
After decompression from 39.0 GPa, an almost complete recovery of the
original spectral features was observed at 0.2 GPa, which also supports that
the CygH,o maintains its molecular form during phase transition above
23.0 GPa. Compared to other compounds, C¢Hg starts to produce amor-
phous hydrogenated carbon or carbon nanothreads at pressures higher than
16.2 GPa, according to published IR spectroscopy observations**.

Structural evolution under high pressure at RT
To gain intricate understanding of the interplay between the structure and
property under high pressure and to address the structural stability of

CysHao, we carried out an in-situ high pressure SP-XRD and SC-XRD
experiments reaching pressures of up to 60.0 GPa and 26.2 GPa, respec-
tively. Figure 4a depicts selected SP-XRD profiles of polycrystalline C45H,q
obtained at various pressure points. At 0.3 GPa, the Le Bail fit of the SP-XRD
data shows that the reflection intensities roughly correlate to the single-
crystal data obtained at ambient pressure (Fig. 4b, top). Although there are
alternations in intensity ratios the (100) and (102) Bragg reflections,
structure transition occurs at pressures beyond 18.7 GPa. This transfor-
mation is observed by the splitting of the diffraction peak at 4° 26, which
suggests that a reduction in symmetry has taken place (Fig. 4a—c). Under
ambient conditions, C4sHyo has a monoclinic -herringbone structure
(Fig. 4d, left panel) with space group P2;/c, which encompasses two
translationally inequivalent molecules per unit cell centered on positions
0,0,0 and ¥, %, 0. The C,gH,, molecules, in particular, are arranged in layers
parallel to the bc plane, with the long molecular axis roughly perpendicular
to the plane of the layer, whilst neighboring molecules within a layer are
twisted with respect to each other, forming a distinctive herringbone
stacking. Figure 4d, left panel depicts the projection of C,5H,( onto the bc
plane, showcasing two such layers and the arrangement of the molecules
inside those layers. Our best attempts to index the resulting diffraction data
yield a unit cell having the centrosymmetric triclinic symmetry with space
group P-1 (Fig. 4a, b, bottom). The reduction of symmetry from monoclinic
to triclinic is consistent with symmetry breaking and group-subgroup
relations (Fig. 4e). The peak position extraction from an indexed powder
diffractogram was used to evaluate the unit cell metrics of polycrystalline
data atall pressure points. Supplementary file contains a summary of C4gH,,
unit cell metrics acquired from the Le Bail refinement against SPXRD data
(A=0.6199 A) at RT (see Supplementary Table S2). Despite the change in
symmetry, the arrangement of the molecules within the unit cell for these
two phases is likely to be quite similar. The correlations between the cell
parameters used in the literature**” and the characteristic distances (%, x,
and y) are shown in Fig. 4c, right panel. The phase transition at 23.0 GPa
agrees well with the insulator-semiconductor transition observed in UV-Vis
absorption, electrical transport, and Raman measurements.

At pressures higher than 38.0 GPa, the combination of the size and
strain-induced effects led to a noticeable additional broadening of the
observed XRD peaks, gradual fading of the triclinic (001) and (011) Bragg
peaks and the appearance of amorphous-like broad peaks. When the
pressure exceeded 62.0 GPa, the diffraction peaks from the sample become
barely distinguishable from the background noise. However, when the
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Fig. 4 | High-Pressure SPXRD measurements and structure analysis of CygH .
a Selected in-situ high-pressure SPXRD profiles upon compression (top) and
decompression (bottom). The experimental data at 0.3 GPa match the simulated
SPXRD pattern of C45H,q collected at ambient conditions (CSD No. 1304527)*.

b (a) Observed (red circles) and calculated (solid blue line) SPXRD profiles obtained
from the Le Bail fit against the PXRD data of C45H» at 0.3 GPa (top) and 23.0 GPa
(bottom). The lower solid black line depicts the difference profiles. The solid blue
and red vertical tick marks show the reflection positions of the monoclinic and
triclinic C4gH,( phases, respectively. The lower solid green lines indicate the fitted
background contribution. ¢ Zoomed-in look at the XRD patterns at the critical
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pressure points in comparative style serving as a signuatre of a crystal structure
alteration. For clarity, background subtraction was applied. d Crystal packing of
C,s3H,( at ambient conditions, viewed along a axis (left panel). Cell conventions for
oligoacenes as used in literature” (right panel). The index M stands for monoclinic
cell, and T for triclinic cell. The characteristic distances are the layer thickness, /1, and
the long and short herringbone lengths x and y. e Schematic projection of the
equatorial plane of point groups 2/m in the monoclinic phase and —1 in the triclinic
phase during the structural transition triggered by hydrostatic pressure, in accor-
dance with symmetry breaking and group-sub group relations.

pressure is released to ambient conditions, the initial monoclinic phase
partially recovers, as do the (002), (100), (102), and (004) reflections. Yet, the
lower intensities and larger peak widths of decompressed monoclinic Bragg
reflections indicate a high amount of topological disorder in the relaxed
sample.

To obtain more comprehensive data on the molecular structure and
evolution of periodic arrangement in three-dimensional space of C4sH,0, we
collected SC-XRD data at pressures of 3.3, 10.3, 19.2, 26.2 GPa. The refined
unit cell parameters from these measurements are listed in Table 1, where
the structures were solved as monoclinic crystals in space group P2;/c. The
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Table 1 | Summary of C4gHxo unit cell metrics and reliability factors obtained from the structure refinement of the SC-XRD data

P (GPa) a(d) b (A) c(A) B () V(A9 nn C-C dist.(A) nn H-H dist.(A) s.g. Rup
0.0? 10.3940(8) 3.8402(8) 31.990(3) 90.248(2) 1276.89(17) 3.474(3) 2.354(1) P2,/c 7.4

3.3 9.887(7) 3.4964(2) 30.951(2) 90.18(2) 1070.0(8) 3.191(6) 2.14(2) P2,/c 1.62
10.4 9.743(4) 3.2674(1) 30.563(1) 90.314(10) 972.9(2) 2.913(4) 2.07(3) P2,/c 1.31
19.2 9.515(6) 3.1218(2) 30.0280(16) 90.462(16) 891.9(6) 2.801(4) 1.91(4) P24/c 1.91
26.2 9.466(13) 3.0474(3) 29.701(4) 90.36(4) 856.7(12) 2.724(7) 1.87(7) P24/c 1.81

“Resulting structural parameters and reliability indices of C4gHzo against SC-XRD data collected at ambient conditions ((A = 0.7103 A).

crystallographic information on the complete structure solution and
refinement are listed in Tables S4-S7. An anisotropic response to com-
pression along three crystallographic axes was also found, with the lattice
parameter b decreasing by 12.8% at 26.2 GPa, while a and c were reduced by
4.2% and 4.0%, respectively, resulting in a total volume reduction of 20.0%.
The intermolecular distances were also calculated on the basis of the
experimental data. At ambient pressure, the C-C and H-H distances
between the atoms of the nn molecules were 3.474(3) A and 2.354(1) A,
respectively. At 26.2 GPa, analysis of the SC-XRD data shows that the same
intermolecular C-C and H-H distances were reduced to 2.724(7) A and
1.87(7) A, respectively. The structural models, the pressure-volume data
points and the lattice parameters obtained from SC-XRD and DFT calcu-
lations showed good agreement with each other. Compressing the crystals
from 19.2 to 26.2 GPa drastically altered their appearance. The data col-
lected promptly following the pressure increase to 26.2 GPa yielded a good
structural model that agrees with the data obtained at lower pressures.
Subsequent data acquired on the identical crystal at the same pressure
approximately 40 minutes later indicated a significant degradation in crystal
quality (Supplementary Fig. 9), as most of the reflections associated with the
crystal had almost dissapeared, while the remaining reflections appeared
streaky and had a very weak intensity. This indicates a gradual structural
phase shift at this pressure, in agreement with the transformation observed
by SP-XRD between 18.7 and 23.0 GPa.

These fingerprints are consistent with the critical intermolecular dis-
tances proposed by previous molecular-dynamics simulations of C¢Hg at
23.0 GPa and 540 K. According to them, intermolecular chemical bonding
can only take place at an intermolecular distance of 2.7 A, and the threshold
for irreversible reactions starts when the distance between the nn C-C bonds
is close to 2.5-2.6 A”.

First-principles investigation on high-pressure structural
evolution
With the fair compressional behavior of CysH, in hand, we explored the
band gap of CysH,, in further depth. Figure 5 depicts the evolution of the
volume of the unit cell, the electron localization function (ELF), and the band
structures of CysH,o molecules. The pressure-volume data points obtained
from SP-XRD, SC-XRD and DFT calculations are almost identical, while the
structure in space group P2,/c remains monoclinic (Fig. 5a). A third-order
Birch-Murnaghan equation of state was used in the EoSFIT software®
to fit the pressure-volume datapoints for SP-XRD (V,=12414(2) A%,
Ky=9.0(3) GPa) and SC-XRD (V,=1259.6(2) A’, Ky=9.1(2) GPa) data.
The ELF calculations based on the structural information at ambient pres-
sure and 26.2 GPa (Fig. 5b) show that the van der Waals space between
CysH,o decreases due to the compression of the intermolecular distances and
the rotation of the molecules. However, the expected overlap in the inter-
molecular charge density was not found in these experiments. Calculations of
the electronic density of states (eDOS) derived from the resolved crystal
structures at different pressure points indicate that the band gap of C4sH,
decreases significantly under pressure, ultimately leading to its classification
as a poor metal at 28.0 GPa (Fig. 5¢). The observed color change of the
crystals may be interpreted in terms of this backdrop.

During compression, the C4gH,o molecules are rearranged in terms of
distances and angles in their herringbone motif, resulting in a gradual

darkening of the optical crystal colors and an enhancement in inter-
molecular interactions. We have observed that C4sH,o undergoes a phase
transition at about 23.0 GPa with a slightly altered crystal structure,
although the exact pressure probably depends on the hydrostatics of the
sample. The underestimation of the band gap and the metallization pressure
could be due to the fact that this rearrangement of the molecules was not
taken into account. Our optical and structural findings indicate that as the
nn C-C distance for C,sH,o approaches 2.7 A under pressure, inter-
molecular interactions increase and the optical band gap quickly reduces up
to 34.0 GPa. The molecular units are stable up to 43 GPa, and the equation
of state fitting predicts a C-C distance of 2.6 A at roughly 40.0 GPa (Sup-
plementary Fig. 10), assuming the compressibility remains constant across
different molecular arrangements.

Conclusion

With the aim of exploring superconductivity in a compound consisting of
only carbon and hydrogen, we studied the pressure-triggered physical fea-
tures which manifest in a pictorial structural transition, a tunable band gap
evaluation, and altered electric conductive behavior of CysHy, providing
evidence for the semi-metallic nature of C4gH,. The optical features and the
electrical resistance signature indicate transition from insulator to semi-
conductor in the pressure range between 23.0 and 38.0 GPa. Physical
compression reduced the band gap of C,;sHyy from 2.2eV at ambient
conditions to 0.7 eV at 34.0 GPa, and beyond 23.0 GPa an insulator-
semiconductor transition occurred. We discovered the first large PAH to
undergo the transition from an insulator to a semiconductor at pressures
considerably below megabar. The abrupt phase transition at 23.0 GPa was
coupled with a change in crystal color from red to black, a narrowing of the
band gap below 1.0 eV at 24 GPa, and an increase in intermolecular inter-
action. We also demonstrated that the presence of an intermolecular C-C
distance less than 2.8 A results in the semi-metallic state, and that an irre-
versible chemical reaction occurs at a C-C distance of 2.6 A, and thus
supplemented the bridging of the structure-property landscape in CygH,.
In addition, C4sH,o shows remarkable chemical stability, with an irrever-
sible chemical reaction occurring at a pressure of 46 GPa. This single-
component, single-phase single crystal of pre-compressed large PAH
molecules is stable under ambient conditions and may be thoroughly
characterized prior to the application of physical compression. The pressure
responses of the other large PAH molecules to a possible transition to the
metallic and superconducting state should be further investigated in the
light of our findings.

Experimental Section

Sample Preparation and Characterization

The single-crystals of C,3H,, were obtained by the vapor phase fusion
reaction of C,4H,, purchased from TCI chemical (> 95%). The details of
crystal preparation, characterization under ambient conditions, and
addressing the structure-to-optical properties relationship below 20 GPa are
discussed in recent paper”’.

High-Pressure Electrical Measurements
The electronic transport properties under high pressure and low tempera-
ture were investigated via van der Pauw electrical conductivity method in a
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symmetric DAC. The pressure was generated by a pair of diamonds with a
300 um diameter culet. A rhenium gasket was pressed and drilled hole at the
center of the gasket with a diameter of the diamond culet. A cubic boron
nitride (c-BN)-epoxy insulation layer was prepared to protect the electrode
leads from the metal gasket. A hole with a diameter of 150 pm was drilled in
the center of the c-BN as a sample chamber to place the C45H,, sample with
NaCl as the pressure transmitting medium (PTM). Four platinum strips
were arranged so that they touched the sample in the chamber. The first
round experiments at different pressure-temperature conditions were per-
formed with a laboratory designed electrical transport system (with optical
window) using a Keithley 6221 current source, a 2182 A nanovoltmeter, and
a 7001 switching device as current source, voltmeter, and voltage/current
switch, respectively. The pressure at the sample chamber was measured
using the ruby and diamond fluorescence method. The high-pressure
experiment on electrical transport was carried out in the second round using
the Quantum Design System for measuring physical properties with 23 mm
CuBe cells.

Optical Spectroscopy

The measurements of UV-Vis absorption and optical images were per-
formed with the in-house developed Gora-UVN-FL (Ideaoptics, Shanghai)
micro-region spectroscopy system. A single-crystal dicoronylene was loa-
ded together with a ruby ball into the sample chamber of a symmetric Mao-
type DAC with 400 um culet-sized low-fluorescent anvils. Si-oil was used as
PTM. Each pressure point was determined by the fitting pressure shift of the
ruby fluorescence line. The laser power and acquisition time were carefully
adjusted prior to take absorbance at ambient conditions, so that we obtain

spectra well below saturation while keeping best signal-to-noise ratio, and
they were kept the same throughout the measurements.

First-Principles Calculations

First-principles calculations are implemented under the framework of
density functional theory using the Vienna’s ab initio simulation package
(version 6.3.4). We employ the generalized gradient approximation (GGA)
with the parameterization of Perdew-Burke-Ernzerhof optimized for
solids*>’. The valence electrons of C (25*2p”) and H (1s') are decided by the
projected augmented wave potentials. The cut-off kinetic energy for the
plane-wave basis set is 700 eV, which is found sufficient to converge the
force acting on each atom to less than 0.01 eV/A. The unit cells of C4sHs0
(96 C and 40 H) are used to calculate the electronic structures and their
Brillouin zone is sampled by a Monkhorst mesh with 0.2 A™" as the spacing
between k points. We approximate the long-range pair interactions using
the simple D2 method of Grimme®, with a cut-off radius of 50 A. At each
target pressure, the unit cell is optimized for atomic position, cell shape and
cell volume. After structural optimization, we performed a self-consistency
cycle using the Heyd-Scuseria-Ernzerhof screened hybrid function
(screening factor 0.15)” to obtain the electronic structures, as shown
in Fig. 5.

Vibrational Spectroscopy

The high-pressure Raman measurements were performed with a custom-
built, highly focused Raman system using a 532 nm laser source. A single-
crystal of CygH,o was loaded along with a ruby sphere into the sample
chamber of a symmetric Mao-type DAC with 400 pm culet-sized low
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fluorescence anvils. Si oil was used as PTM. The measurements were imaged
on a CCD, with a typical exposure time of 0.01 s at 0.5 mW laser power.
High-pressure mid-IR spectra were recorded using the Bruker VERTEX
70 v IR spectrometer with HYPERION 2000 microscope in transmission
mode in the range of 600-5000 cm™ at 2 cm™ per step. The spectrum of an
empty DAC at ambient pressure was used as background signal for all
measurements. The sample chamber was filled with dicoronylene single
crystals and compressed without PTM.

Synchrotron Powder X-Ray Diffraction (SP-XRD) Measurements
High pressure SP-XRD measurements were performed at BL12B2 at SPring-
8 (Japan; A = 0.6199 A, beam diameter of 50 pm). Polycrystalline C4gH, was
loaded along with a ruby sphere into the sample chamber of a symmetric
Mao-type DAC with 400 pm and 200 pm culet-sized anvils. The sample
chamber was completely filled with the sample. Daphne oil was used as PTM
and each pressure point was determined by the fitting pressure shift of the
ruby fluorescence line. Twenty 60-second scans were acquired and summed
to ensure a good signal-to-noise ratio while avoiding the possibility of
radiation damage to the sample. The two-dimensional images were inte-
grated with IPAnalyzer and data analysis was performed using the LeBail
pattern decomposition technique within the GSAS-II program suite™.

Synchrotron Single-Crystal X-Ray Diffraction (SC-XRD)
Measurements
A single crystal of Cy4gH,, was screened in-house to check diffraction quality
prior to loading. A well-diffracting crystal of approximate dimensions 42
%15 x 10 pm’ (LxWxH) was loaded with 2000 bars of He gas as the pressure
transmitting medium in a BX90 DAC using diamond anvils with 250 pum
culets and a Re gasket. A small (diameter = 3 um) grain of gold, and a ruby
sphere (diameter ~ 5 pm) were included for pressure determination. Col-
lections of SC-XRD data were performed at the pressure post gas loading
(3.3 GPa), as well as at 10.4, 19.2, and 26.2 GPa, stopping once the sample
was no longer diffracting sufficiently for crystal structure determination.
These SC-XRD experiments were performed at the ID15b beamline of
the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Diffraction experiments used a monochromatic X-ray beam of wavelength
0.4099 A and beam spot size of approximately 1.0 x1.0 um’, data were
collected on a Dectris Eiger2 X CdTe 9 M detector in 0.5° angular steps over
a -36 to 36° range. Data were processed using the CrysAlis™ software™ for
reflection search, removal of parasitic diamond anvil reflections, unit cell
determination, and data integration. Structure solution and model refine-
ment were performed using the Olex2 user interface”. Initial structure
solution of the first data set (the lowest pressure point) was achieved with
intrinsic phasing methods using SHELXT"". For the subsequent datasets, the
model from the prior pressure point was used as a starting point for least
squares refinements of the structure using SHELXL”". Hydrogen atoms were
constrained to calculated geometries and allowed to ride their parent atoms.

Data availability

All relevant data and single crystal samples are available from the corre-
sponding author. The data that support the findings of this study are
available in the Supporting Information. The CCDC number of the dicor-
onylene, C45H,, at ambient pressure is 2141267, at 3.3 GPa is 2352043, at
10.4 GPa is 2352046, at 19.2 GPa is 2352045, and at 26.2 GPa is 2352044.
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