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The phase transition of pyrrole was studied under static pressure and dynamic pressure by in situ Raman
spectroscopy. Under static compression, pyrrole underwent three phase transitions: a liquid-to-crystal (phase I)
transition at 1.15 GPa, followed by transformation into phase II at 7.45 GPa and the start of amorphous phase
transition at 16 GPa. Under dynamic compression, pyrrole was compressed into an amorphous phase as the

pressure increased from 0.71 GPa to 5.02 GPa, 8.07 GPa, 10.30 GPa, 11.30 GPa and 12.84 GPa within 5 ms,
respectively. Rapid compression rate and high pressure provide a greater degree of disorder in amorphous
pyrrole by fitting the partial Raman peak linewidth with pressure. During the pressure relief process, the
amorphous pyrrole crystallized and transformed into phase II at 3.20 GPa and then reverted to its initial liquid
state at around 0.55 GPa. The phase behaviors can be attributed to different solidification mechanisms of liquid
pyrrole induced by different compression rates under the two compression conditions.

1. Introduction

Over the past few decades, research on aromatic compounds under
extreme conditions has received extensive attention [1]. This subject has
potential applications in fields such as nanomaterials, as the unique
phase transition mechanisms of aromatic compounds offer ideal models
for high-pressure physical chemistry research [2]. High-pressure ap-
proaches may be applied by drastically lowering the molecular spacing
and modifying the electron cloud distribution and produce unusual bond
rearrangements in aromatic compounds [3]. Therefore, pressure offers a
useful method for investigating the microscopic processes behind intri-
cate phenomena like pressure-induced amorphization and polymeriza-
tion [4]. Taking benzene-based compounds as an example, Li’s research
group precisely determined the critical reaction pressure (2.0 x 10°
atm) of the benzene-hexafluorobenzene eutectic system [5]. Their work
proposed a reaction mechanism dominated by the Diels-Alder cycload-
dition reaction, thereby unveiling a novel pathway for high pressure
polymerization processes.

Pyrrole (CsHsN), a nitrogen-containing five-membered heterocyclic
compound, derives its unique chemical and physical properties from an
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aromatic system and lone pair electrons within its molecular structure
[6]. This structure underpins pyrrole’s significant utility in diverse
fields, including polymer materials, biomedicine, and optoelectronic
devices [7]. Notably, pyrrole-derived polymers exhibit excellent opto-
electronic characteristics, enabling their widespread application in
advanced devices such as organic photovoltaics (OPV) and organic
field-effect transistors (OFET) [8]. Recent advances in high-pressure
experimental techniques (e.g., diamond anvil cell, in-situ spectros-
copy) and computational methods have facilitated substantial progress
in understanding pyrrole’s high-pressure behavior. Optoelectronic
characteristics, reaction routes, structural phase transitions, and the
creation of functional materials with pressure as a tuning parameter are
important areas of progress [9-12]. These developments provide new
opportunities for elucidating the structure-property relationships of
heterocyclic molecules under extreme conditions.

Pressure is a pivotal external parameter for modulating pyrrole-
based systems. For instance, pressure drives a dimensionality cross-
over in polypyrrole conduction, as evidenced by conductivity mea-
surements: from three-dimensional variable-range hopping at low
pressure toward one-dimensional intrachain dominance driven by
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enhanced n-n stacking [13]. Pressure also significantly boosts pyrrole
oligomerization efficiency in high-pressure plasma environments, con-
firming its regulatory role in synthesis pathways [14]. These studies
demonstrate pressure’s ability to reshape pyrrole’s electrical, optical,
and chemical properties through altered intermolecular interactions.
Crucially, pressure directly induces key phase transitions in pyrrole.
While liquid under ambient conditions, pyrrole solidifies below 103 K
into an orthorhombic phase (Pnma) [15,16]. Room-temperature
compression triggers sequential phase changes: (1) a liquid-solid tran-
sition at ~0.6 GPa via n-stacking reorientation; (2) a solid-solid transi-
tion (Pnma to P2;/c) with ~40 % volume collapse at ~6.2 GPa; and (3)
the onset of a crystalline-amorphous transition at ~14.3 GPa [17].

High pressure serves as a powerful tool for molecular structure
regulation, enabling the synthesis of crystals that are otherwise chal-
lenging to grow under environmental conditions [18,19]. Recently, the
effect of compression rate on the crystallization kinetics was studied by
some groups. For example, hexagonal ice transforms to thermodynam-
ically stable phase ice II at a rate of 0.01 GPa/min, while metastable ice
III transforms at a rate of 1 GPa/min [20]. Similar phenomena have also
seen in investigations of L-serine, 2-fluorophenylacetylene, 3-nitro-
phenylacetylene, and pyridine [21-24]. In addition, for some irrevers-
ible processes, special phases are often generated during the
decompression. Chu et al. [25] reported the transformation of Choline
chloride/Ethylene glycol deep eutectic solvent from an amorphous
phase to a crystalline phase at a slow pressure release from 5.0 GPa to
1.8 GPa. Wang et al. [26] reported the transformation of amorphous
4-methylpyridine into new crystals I’ at 2.40 GPa during pressure
release.

In this work, in situ high-pressure Raman spectroscopy was used to
study the phase transition of pyrrole under static and dynamic
compression. The static compression results show that the samples
experienced a liquid-solid phase transition and a solid-solid phase
transition at around 1.15 GPa and 2.20 GPa, respectively, and then
began to undergo amorphization transformation above 16 GPa. In the
dynamic compression experiment, pyrrole liquid underwent a trans-
formation into an amorphous phase upon fast compression rate. It is
worth noting that the pressure relief process was studied in detail and a
transient crystalline phase was observed during the decompression.

2. Experimental methods

A Merrill-Bassett type four-screw diamond anvil cell (DAC) with two
diamonds of 300 pm in size was used for all experiments. To serve as the
sample chamber, a hole with a diameter of 80 pm was drilled at the
center of a 300 pm thick T301 gasket, which had been pre-indented to a
depth of 60 pm. The empty hole in the DAC gasket was filled with 99 wt
% pure pyrrole liquid, which was purchased from Shanghai Aladdin
Pharmaceutical Co., Ltd.. A little ruby chip was also placed within the
hole. Subsequently, the gasket was sealed with the opposite anvil. The
chamber pressure was calibrated by using the ruby R1 fluorescence line
[27].

Two experiments (static and dynamic compression) were conducted
when pyrrole was subjected to extreme conditions. A standard four-
screw diamond anvil cell (DAC) was used for static compression ex-
periments, in which the sample was steadied and gradually compressed
before Raman spectra were gathered. Dynamic compression experi-
ments were conducted on the d-DAC, which is constituted by a metal
frame, a piezoelectric (PE) actuator, a control system, and a standard
DAC. The PE actuator (Harbin Core Tomorrow Science & Technology
Co., Ltd.) was assembled on the top of the metal frame. A conventional
DAC was fixed at the bottom of the metal frame by a steel plate and a
static load screw. The pressure control system can be configured to
provide an output voltage within the range of 0 to 120 V, and this device
can achieve a pressure jump within 5 ms. The load on the sample was
provided by the PE actuator and was driven by a variable electronic
signal from a function generator (see Ref. [28] for a detailed description
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of d-DAC).

Raman spectroscopy experiment was carried out using a Renishaw
inVia Raman microscope (Renishaw, United Kingdom) with a wave-
length excitation of 532 nm. Raman spectra were collected in a back-
scattering geometry with a 2400 g/mm holographic grating, and the slit
width was selected as 65 pm, which corresponded to a resolution of
approximately 0.5 cm™’. The sample image was collected through an
achromatic lens of an optical microscope and then focused onto a
charge-coupled device (CCD) detector for visual monitoring during ex-
periments. The obtained Raman spectra were fitted with a mixed
Gaussian-Lorentzian function using WIRE 3.3 software (Renishaw,
United Kingdom) to analyze the spectral data.

3. Results and discussion
3.1. Static compression

The Raman spectra of the pyrrole in the region of 50-3500 cm™?
under static compression at room temperature are shown in Fig. 1. The
lattice vibration region is located below 200 cm™ and the 500-1350 cm
! range is mainly composed of C—H and N—H bending vibration re-
gions. The Raman band at about 1381 cm™! could be assigned to the ring
frame C = C vibration and C—H bend, as well as the band at 1471 em’lis
contributed to the ring frame C = C vibration and N—H bend. In addi-
tion, the Raman bands above 3000 cm™ are corresponded to the
stretching vibration of C—H and N—H [17]. The list of observed crystal
vibrational modes along with their frequencies and assignments is given
in Table L.

As shown in Fig. 1, most of the Raman characteristic peaks shift to
the higher wavenumbers with increasing pressure, which is explained by
the contraction of adjacent molecules or atom distances [29]. At 1.15
GPa, four Raman peaks emerged at 94, 130, 158, and 175 cm’! in the
lattice vibration region and two weak peaks at 3109 cm™ and 3140 cm™
split into three sharp peaks at 3114, 3123, and 3142 cm™. Sharper
profiles with increased signal clarity are seen in the Raman peaks at
1148 cml, 1381 cm’l, and 1470 cm™. These features indicate that
pyrrole underwent a liquid-to-crystal (phase I) transition at 1.15 GPa. As
the pressure increases to 2.20 GPa, two new Raman peaks emerge at 608
and 665 cm! in the region of the C—H and N—H bending vibrations. As
well, a new lattice vibrational mode appears at 126 em™ and two sharp
peaks emerge at 3346 and 3362 cm ™. It means that pyrrole underwent a
solid-solid (phase I to II) phase transition at 2.20 GPa. Further
compression to 7.45 GPa, another new lattice vibrational mode split
from the original peak emerges at 209 cm™}, and the Raman mode at 892
em™ can be clearly discerned. According to Li’s research [17], pyrrole
undergoes the continuous I-to-II phase transition that starts at 2.60 GPa
and ends at 6.50 GPa. From this, it can be inferred that the phase
transition takes place at 2.20 GPa and then completes at 7.45 GPa in this
work. Tables SI-SII display the atomic coordinates of pyrrole phases I
and II. When the pressure continues to increase beyond 16 GPa, the
Raman peak gradually broadens, and meanwhile the peak intensity
gradually decreases, which means that pyrrole gradually transitions
from phase II to amorphous state above 16 GPa.

Fig. 2 shows the pressure dependence of Raman shifts and the full
width at half maximum (FWHM) of pyrrole, along with images of pyr-
role under different pressures. Except for 3354 and 3368 cm™, the pri-
mary distinctive peaks moved to a high wavenumber with increasing
pressure, as seen in Fig. 2(a-d). Additionally, the Raman shifts show a
discontinuity as a function of pressure around roughly 2.20-7.45 GPa.
Moreover, the FWHM of the ring frame C = C vibration at 1467 cm’l, the
C—H and N—H in-plane rocking at 1143 cm™, and the C—H out-of-
plane wiggling at 576 cm™ showed abrupt changes at pressures of
1.15, 2.20, and 7.45 GPa in Fig. 2(e). These results indicate that pyrrole
undergoes two phase transition processes at 1.15 GPa and 2.20 GPa
under static high pressure, which is consistent with the analysis of the
Raman spectra. Specially, the obvious discontinuous range from 2.20 to
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Fig. 1. Raman spectra of pyrrole under different static pressures.

Table I
Assignments of the major bands in the Raman spectrum of pyrrole.

Liquid  Crystal  Ref Exp Vibrational assignment
(cm™  (em™  (em™
[17]
- 74 78 lattice vibration modes
- 94 99
- 130 130
- 158 141
- 175 157
- 576 578 C — H out-of-plane wag
- 601 604 C — H and N — H out-of-plane wag
- 727 724 C — H out-of-plane wag
- 826 829 C — H, N — H in-plane bend
- 878 862 C — H in-plane bend
- 882 868 C — H in-plane bend
- 884 881 C — H in-plane bend
- 1045 1047 C — H in-plane rocking
- 1051 1053 C — Hand N — H in-plane rocking
- 1078 1079 C — H in-plane rocking
1143 1148 1139 ring breathing vibration and C — H in-plane bend
- 1162 1147 C — Hand N — H in-plane rocking
- - 1248 C — Hand N — H in-plane rocking
1380 1381 1380 ring frame C = C vibration and C — H bend
1467 1471 1471 ring frame C = C vibration and N — H bend
3105 3114 3108 C — H stretch
- 3122 3117 C — H stretch
3136 3142 3136 C — H stretch
- 3354 3359 N — H stretch
- 3369 3374 N — H stretch

7.45 GPa show the coexistence state of phase I and phase II. In addition,
it is also demonstrated that pyrrole progressively changes to an amor-
phous state at 16 GPa, since the FWHM of 578, 1143, and 1467 cm’!
similarly appears as an inflection point around 16.56 GPa.

In addition, Fig. 2(f) shows the in-situ micrograph of the pyrrole
under different pressures. The sample was totally transparent, and the
ruby chips could be clearly observed at 0.6 GPa. And then, at around
1.15 GPa, crystal formation was seen in the sample cell. This clearly
illustrates the pyrrole’s pressure-induced crystallization behavior,
which was in line with the previously described Raman findings. As the
pressure further increased to 2.20 GPa, the boundaries of the crystal

became more pronounced and the layers became more distinct
compared to crystals under 1.15 GPa, which implies a higher-density
phase of pyrrole. When the pressure exceeds 15.84 GPa, the bound-
aries of the crystals become blurred, and the hierarchical sense of the
crystal shapes gradually weakens. These observations further support
the amorphization of the pyrrole crystals as previously suggested by
Raman spectroscopy.

3.2. Dynamic compression

Under dynamic compression, the pyrrole sample was compressed
slowly to 0.71 GPa and then compressed rapidly to higher pressure.
Fig. 3 shows the Raman spectrum of pyrrole compressed rapidly from
0.71 GPato 5.12, 8.02, 10.30, and 12.84 GPa within 5 ms, respectively.
As seen in Fig. 3, in comparison to the sample at 0.71 GPa, the major
Raman peaks shift to higher wavenumbers and exhibit significant
broadening as the pressure increases rapidly from 0.71 GPa to 5.12 GPa.
The Raman spectrum between 50-300 cm™ features a broad peak
centered at 191 cm, with no observable splitting of lattice vibrational
modes. And there was no sign of splitting in the Raman peaks related to
the stretching vibrations of C—H and N—H within the wavenumber
range exceeding 3000 cm™. In addition, the sample cell exhibited high
optical transparency, and no well-defined interfaces or geometric fea-
tures are discernible (see the inset photograph in Fig. 3). These results
indicate that the pyrrole liquid was solidified as an amorphous phase
during the dynamic compression process. Consistent findings were
similarly noted in Samples DP-8.02 GPa, DP-10.30 GPa, and DP-12.84
GPa. Despite variations in pressure magnitude and compression rates,
the pressure-induced solidification of liquid pyrrole resulted in repro-
ducibly consistent microstructural states. Notably, Raman spectroscopy
revealed broadened peaks with no resolvable peak splitting, and no
distinct crystalline phases were discernible within the sample cell (see
the inset photograph in Fig. 3). Therefore, it seems from the experi-
mental data that the liquid pyrrole also solidified as an amorphous phase
from 0.71 GPa to 8.02 GPa, 10.30 GPa, and 12.84 GPa, respectively,
during the rapid compression. Furthermore, we used spectral fitting to
examine the full width at half maximum (FWHM) of Raman peaks at
1146 cm™ and 3141 cm for each of the four samples. The results
indicated that for samples DP-5.12 GPa to DP-12.84 GPa, the FWHM
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Fig. 3. Raman spectrum of pyrrole compressed rapidly from 0.71 GPa to 5.12,
10.30, 8.02, and 12.84 GPa, respectively. The inset shows photograph of the
sample at the corresponding pressure. “DP-" represents dynamic compression;
“I-” represents initial pressure.

values of the peaks at 1165 cm™ and 3144 cm™ were 16.22 cm™, 19.98
em’?, 23.22 em™, 24.88 ecm™, and 56.27 cm™, 66.24 cm™?, 83.64 cm’,
85.65 cm’), respectively. These findings unequivocally show that the
structural disorder in the solidified amorphous pyrrole increases
dramatically with increasing compression rate and applied pressure.
This observation clearly implies that the faster compression rates and
higher pressures lead to the formation of more disordered solid states in
such aromatic materials, which might be associated with the degree of

undercooling achieved during the rapid compression process [20].
Intriguingly, when the pyrrole was compressed rapidly from 0.71
GPa to 11.30 GPa in 5 ms, the coexistence of the crystalline and amor-
phous phases was discovered in the pyrrole sample cavity. Fig. 4 shows
the Raman spectra of pyrrole DP-11.30 GPa at the different regions and
the photograph of sample cell. A close examination of Fig. 4(a) shows
that, besides the ruby sphere, a clear border roughly separates the
sample cell into two clear areas. In particularly, region 1 exhibits a
distinct shape with surface striations that interlace. The corresponding
Raman spectrum demonstrates the sharpening of the Raman peaks
together with the appearance of many additional peaks. For example,

(b)

DP-11.30GPa-1

SP-11.30GPa

Intensity(a.u.)

[

DP-11.30GPa-2

-

500 1000 1500 2000 3000 3500
Raman shift (cm™)

Fig. 4. (a) Photograph of the sample at DP-11.30 GPa. (b) Raman spectrum of
pyrrole compressed rapidly from 0.71 GPa to 11.30 GPa in 5 ms. “SP-" repre-
sents static compression.
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five distinct lattice vibration peaks are observed within 50-300 cm™,
while five C—H vibrations emerge in the 3000 and 3200 cm™ region.
The solid sample in region 1 is in the crystalline phase II of pyrrole,
according to these results, which are in keeping with those of the sample
at the same static pressure. Region 2, on the other hand, has no
discernible texture or structural characteristics and shows excellent
optical transparency. In contrast to liquid pyrrole, the associated Raman
spectrum shows expanded typical peaks without the appearance of
additional spectral characteristics. These findings point to the solid
sample in region 2 being the amorphous phase of pyrrole. The co-
existence phenomenon can potentially be ascribed to the local shear
force arising from the pressure gradient within the cavity during the
initial stage of rapid compression. For the overpressurized pyrrole
liquid, the local shear field could restrict molecular rotation and diffu-
sion, lower the nucleation energy barrier and accelerate the formation of
long-range ordered lattices. And then, intermolecular interactions
improve dramatically and molecular viscosity rises noticeably as pres-
sure increases rapidly. The crystallization process is hampered by the
combined impact of limiting molecular diffusion and mobility.

Furthermore, the stability of the amorphous pyrrole formed under
dynamic pressure was investigated using Raman spectroscopy
throughout the gradual pressure release process. Fig. 5 shows the
decompression Raman spectra of pyrrole DP-10.30 GPa and the photo-
graph during the pressure release process. As shown in Fig. 5(a), all of
the Raman peaks move to the lower wavenumber when the pressure is
progressively decreased to 3.25 GPa; neither the new peaks nor the old
peaks emerge or vanish, suggesting that the amorphous phase of pyrrole
remains unchanged throughout this process.

Remarkably, a few crystals began to form near the cavity’s border
when the pressure was further lowered to 3.17 GPa, as seen in Fig. 5(b).
These crystals filled the space with fine-grained crystals after two mi-
nutes of sustaining the pressure, and they grew to fill a sizable amount of
the chamber in just one minute. After pyrrole completely crystallized,
the pressure in the sample cavity dropped to 2.84 GPa. This was because
the atoms were rearranged in an orderly fashion, which removed the
excess free volume that was present in the amorphous form. Corre-
spondingly, at a pressure of 2.84 GPa, the Raman spectrum reveals the
emergence of Raman peaks at 165, 826, 3338, and 3354 cm'l, which are
characteristic of the crystalline phase. Moreover, the C—H vibration
centered at 3160 cm™! splits into three distinct peaks at 3130, 3140, and
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5.54 GPal
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w0\ 0.55 GPal
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sollene
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(b)
10s 20s 30s 40s

3.17GPa

50s > 60s

Fig. 5. (a) Raman spectrum of pyrrole decompressed from dynamic compres-
sion at 10.30 GPa, (b) Photograph of pyrrole crystallization process by
decompression at 3.17 GPa. (c) Photograph of the crystal melting process of
pyrrole at 0.55 GPa.
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3157 cm™. Given the similarity of these Raman peaks to those of pyr-
role’s phase II under static pressure, it’s clear that phase II is the crys-
talline phase emerging during pressure release. Upon further
depressurization to 0.55 GPa, all Raman peaks exhibited minor broad-
ening, with no spectral features detected in the lattice vibrational re-
gion. Moreover, peaks at 500-1100 cm™ and ~3300 cm™ vanished
completely. At 0.55 GPa, the pyrrole sample returned to its initial liquid
condition, as evidenced by the pressure-release Raman spectra that
nearly matched the original one. Fig. 5(c) illustrates the melting tran-
sition of crystalline pyrrole at 0.55 GPa, which is consistent with the
Raman results.

Additionally, it seems that the phase transition behavior of amor-
phous pyrrole during the depressurization process is repeatable. Fig. 6
presents the Raman spectra of pyrrole DP-5.12 GPa, DP-8.07 GPa, DP-
11.30 GPa, and DP-12.84 GPa released to around 3.30 GPa. All sam-
ples showed crystallization when the pressure was lowered to around
3.10 GPa, and the locations and forms of the Raman peaks closely
matched those of SP-3.30 GPa under static pressure. When depressur-
ized further to 0.6 GPa, these crystals melted back into liquid pyrrole
over time. As mentioned above, static compression induces a continuous
phase I-1I transition (2.20-7.45 GPa), with phase II stable up to 16 GPa.
However, phase II appears during amorphous phase decompression
(0.55-3.20 GPa) under dynamic compression. Using dG=VdP for
decompression (dP<0—dG<0), the -] transition is thermodynami-
cally spontaneous. Therefore, the stability of phase II stems from
kinetically trapped metastability, highlighting dynamic kinetics in non-
equilibrium phase behavior. By recrystallizing the amorphous phase
under decompression, Liu et al. were able to achieve the metastable state
of certain materials (eg. chalcohalide inorganic compound and hybrid
perovskites) [30,31]. They noted that the decompression process may be
seen as reverse loading, in which modulus softening of the soft sublattice
(Gl) significantly lengthens the relaxation period (tt). The growing
duration of t is made worse by the low modulus of pyrrole, a tiny organic
molecule. When the decompression rate (dP/dt) significantly exceeds
the structural recovery rate of the soft sublattice, kinetic “structural
freezing” prevents full reversible reconstruction of the lattice, even in
thermodynamically spontaneous conditions (dG<0). This would lead to
the formation of the kinetically metastable phase II.

3.3. Discussion
As mentioned above, liquid pyrrole undergoes a liquid-solid phase

transition at 1.15 GPa under static compression, followed by a solid-
solid phase transition at 7.45 GPa, and gradually amorphizes above 16

iy
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Fig. 6. Raman spectra of pyrrole released from DP-5.12 GPa, DP-8.07 GPa, DP-
11.30 GPa, and DP-12.84 GPa to 3.09, 3.39, 3.20, and 3.09 GPa, respectively.
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GPa. Conversely, under dynamic compression, pyrrole transforms
directly into the amorphous phase as the pressure increases rapidly from
0.71 GPato 5.12, 8.02, 10.30, and 12.84 GPa within 5 ms, respectively.
This discrepancy may be attributed to differing solidification mecha-
nisms of liquid pyrrole under the two compression regimes.

Under static compression, the compression rate is modest and the
pressure amplitude is minimal. In general, this process is thought to be
“quasi-isothermal”. The intermolecular contact gets stronger as the
intermolecular distance steadily shrinks during the progressive
compression of pyrrole. The Clapeyron equation (AG = VAP) predicts
that the compression of molecular space (AV < 0) greatly increases the
strength and directionality of N—H---x hydrogen bonds. This forces
pyrrole molecules to take on ordered configurations, including cyclic
tetramers supported by cooperative N—H---1 interactions. These con-
figurations are energetically advantageous because of the optimized n-n
stacking geometry and decreased intermolecular repulsion, as a result,
pyrrole liquid solidified as crystal phase I under static pressure of 1.15
GPa.

Under dynamic compression, both the compression rate and the
pressure amplitude are relatively high, which prevents the system from
exchanging energy with the external environment quickly. Therefore,
this process is generally regarded as a “quasi-adiabatic” process [32]. In
this study, the compression rate reached 1024, 1614, 2060, 2260, and
2568 GPa/s, respectively, as the pyrrole liquid was compressed quickly
from 0.71 to 5.12, 10.30, 8.02, and 12.84 GPa. Pyrrole’s intermolecular
distance shrinks and the =n-n connection is strengthened during
compression, which limits molecular mobility. Rapidly declining free
volume prevents molecules from diffusing and rearranging over
extended distances. Poisson’s equation (PV'=C, y=Cp/Cv, the adiabatic
index; C is constant) indicates that multi-step compression with small
pressure amplitudes maintains the pyrrole molecules in
near-thermodynamic equilibrium via quasi-static compression, approx-
imating an adiabatic reversible process with entropy conservation, fa-
voring stable phase formation through gradual structural adjustment. In
contrast, during single-step dynamic compression with large ampli-
tudes, the adiabatic process causes significant and rapid deviations from
thermodynamic equilibrium. The high strain rate and instantaneous
energy input in dynamic compression would lead to non-equilibrium
thermodynamic state, where pyrrole molecules may lack sufficient
time for structural relaxation to reach the lowest free energy state.
Consequently, this kinetic constraint promotes the formation of amor-
phous pyrrole with higher free energy [33,34], which are kinetically
trapped due to the inability to achieve thermodynamic equilibrium
under rapid compression conditions.

4. Conclusion

In summary, the phase transitions of pyrrole under static and dy-
namic compression were measured by Raman spectroscopy. Under static
compression, pyrrole underwent three phase transitions: a liquid-to-
crystal (phase I) transition at 1.15 GPa, followed by the trans-
formation into phase II at 7.45 GPa and the start of amorphous phase
transition at 16 GPa. Furthermore, the phase transition behavior of
pyrrole under dynamic compression was examined with a d-DAC. As the
pressure jumped from 0.71 GPa to 5.02 GPa, 8.07 GPa, 10.30 GPa, and
12.84 GPa within 5 ms, respectively, liquid pyrrole solidified into an
amorphous phase. As the compression rate and pressure amplitude in-
crease, the degree of amorphization of pyrrole becomes more pro-
nounced. According to conjecture, dynamic compression provides a fast
non-equilibrium compression path, where pyrrole molecules rapidly
freeze and transform into the amorphous phase during rapid compres-
sion. While the pressure was rapidly compressed from about 0.70 GPa to
11.30 GPa, the coexistence of the amorphous and crystalline phases in
pyrrole was observed. This phenomenon is thought to be caused by the
shear stress that occurs inside the sample during fast compression.
Interestingly, the crystalline phase II of pyrrole was observed during the
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decompression of its amorphous phase. This phase stayed stable in the
range of 0.55-3.20 GPa before returning to its original liquid condition.
This novel phase transition behavior under dynamic compression can be
attributed to the effect of compression rate on the crystallization kinetics
of pyrrole.
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