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ABSTRACT: Black phosphorus (bP) is a crystalline material that can be seen as an
ordered stacking of two-dimensional layers, which results in outstanding anisotropic
physical properties. The knowledge of its pressure (P)−temperature (T) phase
diagram, and in particular, of its melting curve is fundamental for a better
understanding of the synthesis and stability conditions of this element. Despite the
numerous studies devoted to this subject, significant uncertainties remain regarding
the determination of the position and slope of its melting curve. Here we measured
the melting curve of bP in an extended P, T region from 0.10(3) to 5.05(40) GPa and
from 914(25) to 1788(70) K, using in situ high-pressure and high-temperature
synchrotron X-ray diffraction. We employed an original metrology based on the
anisotropic thermoelastic properties of bP to accurately determine P and T. We
observed a monotonic increase of the melting temperature with pressure and the
existence of two distinct linear regimes below and above 1.35(15) GPa, with
respective slopes of 348 ± 21 and of 105 ± 12 K·GPa−1. These correspond to the melting of bP toward the low-density liquid and
the high-density liquid, respectively. The triple point at which solid bP and the two liquids meet is located at 1.35(15) GPa and
1350(25) K. In addition, we have characterized the solid phases after crystallization of the two liquids and found that, while the high-
density liquid transforms back to solid bP, the low-density liquid crystallizes into a more complex, partly crystalline and partly
amorphous solid. The X-ray diffraction pattern of the crystalline component could be indexed as a mixture of red and violet P.

Phosphorus exhibits a very rich polymorphism under
ambient1 and nonambient pressure (P)-temperature (T)

conditions.2 The structure and physicochemical properties of
the numerous allotropes of phosphorus have been extensively
studied using a variety of experimental and computational
methods.2−14 Black phosphorus (bP), the densest allotrope at
ambient conditions (2.69 g/cm3),1 was first obtained by
subjecting white phosphorus (wP) to pressures above 1.2 GPa
at 473 K.15 It features a puckered layered structure with strong
covalent intralayer bonds and weak van der Waals interlayer
interactions, giving rise to largely anisotropic properties.14,16,17

The ambient crystal structure has orthorhombic symmetry
with space group Cmca and is often designated by its
Strukturbericht symbol A17. A first-order phase transition to
the A7 rhombohedral structure (space group R3̅m) occurs at 5
GPa at 300 K. bP has been for a long time considered as the
thermodynamically stable allotrope at ambient conditions, but
some authors18,19 have argued that either the triclinic red
fibrous allotrope (rP) or the monoclinic Hittorf’s violet
phosphorus (vP), both composed of covalently linked tubular
units, are more stable than bP. In contrast, recent calculations
based on density-functional theory found that bP is slightly
more stable than vP and rP.20,21 The respective stability of
these three polymorphs thus remains an active debate.

Upon heating at ambient pressure, bP does not melt but
thermally decomposes above 685 K,22,23 and the lowest P−T
conditions at which melting of bP has been reported are 0.2
GPa and 991 K.24 Another remarkable peculiarity that
phosphorus only shares with sulfur25 is that it exhibits a first-
order phase transition in its stable liquid state26 between a low-
density liquid (LDL) supposedly composed of P4 molecular
units26,27 and a high-density liquid (HDL) with a local atomic
arrangement resembling that of bP.27 The melting curve of bP
has been investigated by several authors in the range 0.2−8
GPa using either electrical resistivity measurements24,28 or in
situ energy dispersive X-ray diffraction28−30 in a piston−
cylinder apparatus31 or multianvil presses.32 However, as
shown in Figure 3, the measured melting curves differ greatly
depending on the authors, particularly above 1 GPa: if some
found a positive slope above this pressure,24 others reported a
negative one, resulting in a bell-shaped melting curve passing
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through a maximum.28−30 In addition, the melting curve of bP
was found in some cases to exhibit an abrupt change of slope
around 1 GPa,28,30 supposedly as a result of the liquid−liquid
transition, whereas others reported a continuous evolution.24,29

There is thus at present no consensus on the location and
shape of the melting line of bP below 5 GPa, nor on the
existence of a triple point where the melting line intersects the
liquid−liquid transition line.

Here, using an original P,T metrology,33 we accurately
determined the melting curve position and slope from 0.10(3)
to 5.05(40) GPa and from 914(25) to 1788(70) K (numbers
in parentheses give the estimated uncertainties) using in situ
high-resolution synchrotron X-ray diffraction performed under
high-pressure and -temperature conditions. Our results

establish the existence of a solid-LDL-HDL triple point
(SLHTP) located at 1.35(15) GPa and 1350(25) K. We
have also observed that, unlike HDL, the LDL does not
reversibly crystallize into bP below the SLHTP, but into a solid
phase akin to crystalline red and violet P.

All experimental runs were carried out at the high-pressure
X-ray diffraction beamline ID27 of the European Synchrotron
Radiation Facility (Grenoble, France).34 A VX5 Paris-
Edinburgh press35−37 served as pressure device. The sample
consisted of a high purity (99.999+%) powder of black
phosphorus (bP) produced as described in ref 38. It was
confined in a diamond cylinder of 1 mm inner diameter and 1
mm height. The excellent thermal conductivity of diamond
ensured very low temperature gradients within the X-ray

Figure 1. Melting criteria. XRD patterns of bP collected on decompression at constant temperature (914 K) toward the low-density liquid (a) and
upon heating at constant pressure (2.8 GPa) toward the high-density liquid (b). The solid−liquid coexistence can be observed in the left panel (a).
The black asterisks, black filled circles, and empty white circles indicate the Bragg reflections of bP, the boron-epoxy gasket, and the hexagonal
boron nitride container, respectively.

Figure 2. Melting curve of bP. Black and white filled symbols denote respectively the solid and liquid states. Squares and triangles indicate the A17
and A7 phases of solid bP, respectively. Two typical P−T pathways followed in this work are highlighted (yellow and pink filled circles and lines).
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probed volume. The diamond capsule was sealed using two
chemically inert hexagonal boron nitride caps that also served
as soft pressure medium. The high temperatures up to 1800 K
were generated using a cylindrical graphite heater supplied
with direct current. The graphite heater and diamond capsule
were inserted in an X-ray transparent boron-epoxy gasket that
served as thermal and electrical insulator.37 In situ mono-
chromatic X-ray diffraction (XRD) experiments have been
conducted in transmission geometry either at 20.0 keV (λ =
0.6199 Å) or at 33.169 keV (λ = 0.3738 Å). Two-dimensional
diffraction patterns have been collected using either a MAR165
CCD detector from MAR Research or an EIGER2 9 M photon
counting system from DECTRIS. A multichannel collimator
(MCC) was used to remove most of the parasitic elastic and
inelastic X-ray signal coming from the sample environment.39

The sample to detector distance, detector tilt angles and X-ray
beam center were calibrated using a LaB6 powder from the
National Institute of Standards and Technology (NIST). The
two-dimensional XRD images were integrated using the PyFAI
code40 as implemented in DIOPTAS.41 XRD patterns were
analyzed using GSAS42 or FULLPROF.2k.43

The main objective of this study being to establish the
position and shape of the melting curve of bP, it is of crucial
importance to accurately determine the pressure and temper-
ature at which the XRD measurements have been performed.
Here, we have employed an original P,T metrology that is
detailed in ref 33. This method exploits the fact that bP is
quasi-incompressible along the a crystallographic axis and
exhibits a small but finite thermal expansion coefficient in the
same direction (αa= 6.46(6) × 10−6 K−1). This is used to
simultaneously determine P and T from the XRD patterns of
bP. In practice, the a lattice parameter of bP is determined
from the (h00) type Bragg reflections, then the temperature is
derived using the following relation:

T
a a

/K
/ 1

6.46 10
3000

6=
×

+

where a0 is the value of a at ambient conditions. The pressure
is then obtained from the measured volume of bP corrected by
the thermal expansion effect, using the third-order Birch−
Murnaghan equation of state and thermal coefficients reported
in ref 33. This method enables the determination of P and T
with an accuracy of ±25 K and 0.1 GPa in the entire P,T
stability field of bP up to 5 GPa and 1700 K.

Another critical aspect regarding melting studies resides in
the use of an unambiguous melting criterion. Here we have
employed a standard and well-established criterion:44−46 the X-
ray signature associated with the loss of crystalline order that
occurs at melting. As shown in Figure 1, high quality
diffraction patterns were obtained for solid and liquid
phosphorus. The transition between these two states is
evidenced by the disappearance of the Bragg reflections of
bP and the concomitant appearance of a strong liquid diffuse
X-ray signal when the melting line is crossed.

Typical P,T pathways in the phase diagram of bP in the
ranges 0.1−5.3 GPa and 300−1800 K are shown in Figure 2. A
freshly loaded sample was used for each of them. XRD patterns
were systematically collected along 19 distinct P,T pathways
leading to the determination of the same number of melting
points. It is worth nothing that we were able to collect data
points at very low pressure down to 0.10 ± 0.03 GPa, which is
challenging due to the mechanical instability of bP near
ambient pressure.22,23 In practice, to reach the melting curve,

the temperature was increased by small increments of
approximately 30 K at constant pressure or the pressure was
finely reduced at constant temperature by steps of 0.1 GPa to
bracket the melting pressures and temperatures with an
accuracy of ±25 K and 0.1 GPa. At pressures below 1.2
GPa, the melting of bP toward the LDL has been clearly
assessed by the appearance of a strong diffuse X-ray signal
which exhibits an intense first sharp diffraction peak (FSDP) at
a Q value of 13 nm−1 (Figure 1a). At higher pressures (P > 1.2
GPa), the diffracted signal I(Q) of the melt exhibits two
distinct maxima at 23 and 40 nm−1 (Figure 1b) that are
unambiguous signatures of the HDL.27 It is worth noting that
the remaining Bragg reflections occurring at low Q (Q < 30
nm−1) arise from the sample container components (boron-
epoxy gasket, graphite heater and h-BN capsule) that are not
entirely filtered out by the MCC.39

In agreement with previous works,24,28−30 we did not
observe any structural phase transition prior to the melting of
the A17 phase of phosphorus, demonstrating that solid bP
directly melts into either the LDL or HDL. We could also
clearly observe the coexistence between solid bp and the LDL
at 0.10(3) GPa and 914(25) K, as illustrated in Figure 1a, and
at 0.50(5) GPa and 1042(25) K. These are strong arguments
in favor of A17 bP being the thermodynamically stable
allotrope of phosphorus in the 0.1−5 GPa range at all
temperatures below the melting line. As mentioned above, A17
bP transforms at higher pressure to the A7 rhombohedral
phase (R3̅m space group).2 In the course of this experiment,
we could determine one melting point in the stability field of
the A7 polymorph at 5.05 GPa and 1780 K. From this
information and the location of 2 additional points on the A17
to A7 solid−solid transition line at 4.12 GPa and 1375 K (this
work) and at 5 GPa and 300 K,2 we could infer the position of
the A17-A7-HDL triple point at 3.88 ± 0.15 GPa and 1615 ±
25 K. We also note that there seems to be a slight increase in
the slope of the melting curve above this triple point, but since
this is constrained by a single melting point, additional
measurements are required to confirm this.

The melting curve of bP and the P,T location of the
individual melting points are presented in Figure 2 and Table
1, respectively. Within present uncertainties, the melting
temperature increases linearly with pressure and exhibits two
distinct pressure regimes. Indeed, the slope of the melting
curve is suddenly and significantly modified at the SLHTP: its
value is reduced by a factor of ∼3.3 varying from 348 ± 21 to
105 ± 12 K·GPa−1. This abrupt change is undoubtedly related

Table 1. Measured Melting Points of A17 bP, except for the
Points Indicated by * Which Corresponds to the Melting of
the A7 Solid

Pressure (GPa) Temp (K) Pressure (GPa) Temp (K)

0.10 (3) 914 (25) 1.54 (12) 1355 (30)
0.45 (10) 1050 (25) 1.90 (15) 1435 (30)
0.50 (5) 1042 (25) 2.05 (15) 1414 (35)
0.69 (7) 1088 (30) 2.50 (20) 1492 (30)
0.70 (7) 1129 (30) 2.83 (25) 1498 (30)
0.83 (8) 1176 (30) 3.00 (28) 1483 (30)
0.92 (8) 1205 (30) 3.26 (30) 1527 (35)
0.93 (8) 1200 (30) 3.75 (35) 1637 (45)
1.25 (10) 1330 (30) 5.05 (40)* 1788 (70)*
1.50 (12) 1374 (30)
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to the liquid−liquid transition and the large density difference
between the LDL and HDL reported in refs 26 and 47. Indeed,
from the Clausius−Clapeyron relation,48,49 significant differ-
ences in the melting volume and entropy between the low- and
high-pressure regimes should translate into a strong change of
the melting slope. Unlike some literature reports,28,29 we find
here that the slope of the melting line remains positive above
the SLHTP, meaning that solid bP is always denser than the
liquid. The SLHTP was located at the intersection of the low-
and high-pressure melting lines at 1.35 ± 0.15 GPa and 1350 ±
25 K. We note that these P−T coordinates of the SLHTP
slightly differ from those that can be inferred from the
intersection of the liquid−liquid transition (LLT) line reported
in ref 50 and the present melting line, which is likely due to the
difference in P−T metrology used in the two studies. In Figure
2, the LLT line was therefore constructed using the presently
determined position of the SLHTP, and the slope of the LLT
line reported by Monaco et al.50

At our lowest investigated pressure of 0.1 GPa, bP melts at
914 K. Extropolating our melting line below the SLHTP, we
estimate the ambient pressure melting point to be at 880 ± 15
K, in fair agreement with the extrapolations reported
earlier.24,29,30 A comparison of the bP melting curve
determined in this study with literature data is presented in
Figure 3. As recalled in the introduction, the literature melting
data of bP show significant disagreements, notably above 1
GPa, which is probably due to a variety of experimental
problems as discussed in the following. The melting data of
Marani and Guarise24 were determined using the change in
sample resistivity upon melting as a criterion. They agree fairly
well with ours up to ∼1 GPa but indicates lower melting
temperatures at higher pressures and do not exhibit a sudden
break in slope up to their maximum pressure of 1.6 GPa. The
melting points in ref 28, also mostly derived from the resistivity
change at melting, start above 2 GPa and suggest a negative

melting slope above the SLHTP. The slope becomes positive
again above the A17-A7-HDL triple point, the latter being
located at much lower P−T conditions (around 2.5 GPa and
1150 K) than estimated in the present work. The other two
reported melting studies29,30 were carried out using the same
in situ energy dispersive X-ray (EDX) diffraction methodology
in a multianvil press,32 but do not agree with each other.
Akahama et al.29 reported a maximum of the melting curve
around 1 GPa, followed by a reduction of the melting
temperature toward the A17-A7-HDL triple point located
around 2.7 GPa and 1100 K; while Mizutani et al.30 observed a
positive slope of the melting line up to about 3 GPa, and a
sudden change of slope around 1 GPa. The latter agrees
reasonably well with our results, except that the slope of the
melting line beyond the SLHTP (15 K·GPa−1) differs from
that found here (105 ± 12 K·GPa−1) by an order of
magnitude. The discrepancies between these previous works
and with present results could have several origins. First, in all
these studies, the authors used a thermocouple to determine
the temperature and neglected the pressure effect on its
response, which however has been shown to be significant.51 A
second possible source of error comes from the pressure and
temperature gradient between the calibrant and the sample: in
multianvil press experiments,32 the pressure calibrant and the
temperature probe is always located at a finite distance
(typically 1 mm) from the sample, which inevitably results in
systematic errors in P and T. As explained above, here we used
the bP powder sample itself as the P,T sensor, which eliminates
this problem. Third, the melting criterion in ref 28 was solely
based on the disappearance of the Bragg peaks of the solid. It is
well established52,53 that strong recrystallization effects occur at
temperatures lower than melting, which transforms the large
number of randomly oriented crystallites into fewer and larger
crystals, and as a consequence, converts the Debye−Scherrer
rings into a few diffraction spots. Since in the EDX method the

Figure 3. Comparison between the melting curve of bP from this work (black line) and the melting curves reported by Akahama et al.29 (red
dashed line and symbols), Marani and Guarise24 (blue dashed line and symbols), Mizutani et al.30 (yellow dashed line), and Solozhenko and
Turkevich28 (green dashed line and symbols). Plain and empty squares denote respectively the solid and liquid states. The colored crosses indicate
the melting temperatures obtained by extrapolation of the melting curves to ambient pressure. The dashed line is the liquid−liquid transition line
between LDL and HDL inferred in the present work as explained in the text.
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diffracted X-rays are collected using a single-point detector54

that covers only a very small fraction of the reciprocal space,
melting can be confused with recrystallization.

In addition to the determination of the melting curve of bP,
we have studied the reversibility of the phase transition by in
situ characterization of the crystal structure of the solids
recovered after temperature quenching. On quenching the
HDL from P−T conditions beyond the SLHTP, the bP phase
is recovered, in agreement with previous reports.29,55 By
contrast, starting from the LDL at P,T conditions lower than
those of the SLHTP, the solid phase recovered at ambient
conditions displays an XRD pattern which is different and
much more complex than that of bP. As an illustration, panels
a and b of Figure 4 show the XRD image and pattern of a

sample that was melted at 0.5 GPa, slowly cooled to room
temperature keeping the force constant, and then decom-
pressed to ambient P. This pattern is composed of Bragg peaks
on top of a slowly oscillating background, suggesting that the
sample is partly crystalline and partly amorphous. The Bragg
peaks cannot be indexed by the known crystalline forms of
fibrous red phosphorus56 nor Hittorf’s violet phosphorus,57 but
a reasonable Le Bail refinement could be obtained using a
mixture of red and violet P, as shown in Figure 4b. We recall
that the structures of these two phosphorus allotropes are
composed of the same tubular units and only differ by the
arrangement of the latter (parallel vs orthogonal sets in the

triclinic red and monoclinic violet P, respectively). Moreover
DFT calculations indicate that the two polymorphs have the
same cohesive energies.20,21,58 Unfortunately, the large texture
of the quenched solid, clearly apparent in the two-dimensional
XRD image (Figure 4), prevents from performing any further
structural (Rietveld type) refinement. We thus cannot exclude
that the recovered crystal is another, yet unreported crystalline
form of phosphorus. We also note that Akahama et al.29 briefly
reported a similar observation for a sample recovered from the
liquid melted at 0.29 GPa, whose XRD pattern could not be
indexed with a known crystalline form. Unfortunately, this
pattern was not provided in the report, so comparison with our
results cannot be made.

The reversibility of melting above the SLHTP suggests a
similarity of the local atomic order of the HDL and bP, as also
suggested by computer simulations.27 On the contrary, its
irreversibility below the SLHTP indicates that the atomic
arrangement of the LDL strongly differs from that of bP.
Indeed, in such case one may expect a large surface energy
between LDL and bP, which makes the nucleation of bP
unfavored compared to other allotropes. A similar case has
been reported in H2O:59 when the liquid is rapidly
overcompressed to 1.7 GPa, it crystallizes into the metastable
ice VII rather than the stable ice VI. This is due to a smaller
liquid/ice VII surface energy at high P compared to that of the
liquid/ice VI, itself resulting from the fact that the local
structure of the dense liquid is closer to that of ice VII60,61. A
more detailed study of the quenched solid and of its melting
line is needed to better understand the irreversible character of
the melting of bP below the triple point, and will be the subject
of future works. The different nature of the quenched phases
from LDL and HDL indirectly confirms that the local atomic
arrangement in these two liquid phases is substantially
different.

In conclusion, we employed in situ high-resolution X-ray
diffraction to accurately determine the melting curve of bP in
an extended P,T range up to 5 GPa and 1700 K, and
investigate the reversibility of the melting transition. We used
the disappearance of the solid Bragg peaks and concomitant
appearance of the liquid diffuse scattering as an unambiguous
criterion of melting. Pressure and temperature was determined
from the bP sample itself up to the melting point, which
ensured the absence of systematic errors due to pressure or
temperature gradients. To our knowledge, we have observed
here for the first time the coexistence of bP and the liquid
phase at melting, providing strong support that bP is the
thermodynamically stable phase up to the melting temperature
in the 0.1−5 GPa range. The measured 19 melting points
enabled to identify two distinct regimes of melting, in
correspondence with the P−T ranges of stability of the low-
and high- density liquids. In both cases, the melting
temperature increases linearly with pressure but the slope of
the melting line is reduced by a factor ∼3 in the HDL domain.
The sudden break of slope unambiguously establishes a triple
point between the LDL, HDL and crystalline A17 bP in the
P,T phase diagram of P. The contrasting slope of the melting
curve confirms the important density difference between LDL
and HDL. Unlike some previous reports, however, we find that
the slope of the melting line is always positive, meaning that
solid bP is always denser than its liquid. The observation that
the low-density liquid does not crystallize into bP unlike HDL,
but into a more complex solid composed of a mixture of red
and violet phosphorus and, an amorphous component suggests

Figure 4. 2D XRD image (a) and integrated pattern (b) of the sample
that crystallized upon cooling the LDL at 0.50(5) GPa and was
decompressed to ambient conditions. The X-ray wavelength was
0.3738 Å. The y-scale in panel b is the square root of the measured
intensity to emphasize the oscillations of the background that likely
comes from an amorphous part of the sample. The red dots are the
measured data, and the black line is a Le Bail fit of the pattern using 3
phases: fibrous red P56 (blue ticks), violet P57 (green ticks), and hBN
(red ticks). In the fit, the lattice parameters for red and violet P were
kept fixed at their reference values to prevent convergence to
unrealistic ones due to the strong peak overlap. Only one peak profile
parameter and a global zero offset were refined. The background was
represented by linear sections between 35 points and was not refined.
The bottom blue line is the difference between the data and the Le
Bail fit.
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that the short-range order in the LDL, currently considered as
composed of P4 molecular units, could be more complex. This
should stimulate further structural studies of the LDL and of
the transition line between the LDL and HDL.
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chaleur. J. École Polytech. 1834, No. 23, 153−190.
(50) Monaco, G.; Falconi, S.; Crichton, W. A.; Mezouar, M. Nature

of the First-Order Phase Transition in Fluid Phosphorus at High
Temperature and Pressure. Phys. Rev. Lett. 2003, 90, 255701.
(51) Kennedy, G. C.; Newton, R. C. The effect of pressure on the

electromotive force of a platinum-bismuth thermocouple. J. Geophys.
Res. 1961, 66, 1491−1493.
(52) Anzellini, S.; Dewaele, A.; Mezouar, M.; Loubeyre, P.; Morard,

G. Melting or iron at Earth’s inner core boundary based on X-ray
diffraction. Science 2013, 340, 464−466.
(53) Dewaele, A.; Mezouar, M.; Guignot, N.; Loubeyre, P. High

Melting Points of Tantalum in a Laser-Heated Diamond Anvil Cell.
Phys. Rev. Lett. 2010, 104, 255701.
(54) Dicken, A. J.; Evans, J. P. O.; Rogers, K. D.; Greenwood, C.;

Godber, S. X.; Prokopiou, D.; Stone, N.; Clement, J. G.; Lyburn, I.;
Martin, R. M.; Zioupos, P. Energy-dispersive X-ray diffraction using
an annular beam. Opt. Express 2015, 23, 13443−13454.
(55) Endo, S.; Akahama, Y.; Terada, S.; Narita, S. Growth of large

single crystals of black phosphorus under high pressure. Jpn. J. Appl.
Phys. 1982, 21, L482.
(56) Ruck, M.; Hoppe, D.; Wahl, B.; Simon, P.; Wang, Y.; Seifert, G.

Fibrous red phosphorus. Angew. Chem., Int. Ed. 2005, 44, 7616−7619.
(57) Wang, Y.; Jin, M.; Gu, M.; Zhao, X.; Xie, J.; Meng, G.; Cheng,

Y.; He, J.; Zhang, J. Synthesis of violet phosphorus with large lateral
sizes to facilitate nano-device fabrications. Nanoscale 2023, 15, 12406.
(58) Deringer, V. L.; Caro, M. A.; Csányi, G. A general-purpose

machine-learning force field for bulk and nanostructured phosphorus.
Nat. Commun. 2020, 11, 5461.
(59) Lee, G. W.; Evans, W. J.; Yoo, C.-S. Crystallization of water in a

dynamic diamond-anvil cell: Evidence for ice VII-like local order in
supercompressed water. Phys. Rev. B 2006, 74, 134112.
(60) Soper, A. K.; Ricci, M. A. Structures of high-density and low

density water. Phys. Rev. Lett. 2000, 84, 2881.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c01794
J. Phys. Chem. Lett. 2024, 15, 8402−8409

8408

https://doi.org/10.1107/S0365110X65004140
https://doi.org/10.1107/S0365110X65004140
https://doi.org/10.1007/BF00540689
https://doi.org/10.1007/BF00540689
https://doi.org/10.1002/anie.201912761
https://doi.org/10.1002/anie.201912761
https://doi.org/10.1002/anie.201404147
https://doi.org/10.1002/anie.201404147
https://doi.org/10.1002/anie.202216658
https://doi.org/10.1002/anie.202216658
https://doi.org/10.1088/1361-6528/aa76ae
https://doi.org/10.1088/1361-6528/aa76ae
https://doi.org/10.1039/C9NR09218H
https://doi.org/10.1039/C9NR09218H
https://doi.org/10.1038/s41586-020-2593-1
https://doi.org/10.1038/35003143
https://doi.org/10.1038/35003143
https://doi.org/10.1088/0953-8984/14/14/304
https://doi.org/10.1088/0953-8984/14/14/304
https://doi.org/10.1088/0953-8984/14/14/304
https://doi.org/10.1021/acs.jpcc.3c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0375-9601(87)90790-0
https://doi.org/10.1016/0375-9601(87)90790-0
https://doi.org/10.2307/20025490
https://doi.org/10.2183/pjab1945.49.623
https://doi.org/10.2183/pjab1945.49.623
https://doi.org/10.1039/D4NR00093E
https://doi.org/10.1039/D4NR00093E
https://doi.org/10.1039/D4NR00093E
https://doi.org/10.1088/1361-648X/aca50b
https://doi.org/10.1088/1361-648X/aca50b
https://doi.org/10.1088/1361-648X/aca50b
https://doi.org/10.1080/08957959208206312
https://doi.org/10.1080/08957959208206312
https://doi.org/10.1063/1.1855419
https://doi.org/10.1080/08957950601183553
https://doi.org/10.1080/08957950601183553
https://doi.org/10.1002/admi.201500441
https://doi.org/10.1002/admi.201500441
https://doi.org/10.1063/1.1505104
https://doi.org/10.1063/1.1505104
https://doi.org/10.1063/1.1505104
https://doi.org/10.1107/S1600576715004306
https://doi.org/10.1107/S1600576715004306
https://doi.org/10.1080/08957959.2015.1059835
https://doi.org/10.1080/08957959.2015.1059835
https://doi.org/10.1080/08957959.2015.1059835
https://doi.org/10.1107/S0021889801002242
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1103/PhysRevB.99.134107
https://doi.org/10.1103/PhysRevB.99.134107
https://doi.org/10.1103/PhysRevB.99.134107
https://doi.org/10.1103/PhysRevB.76.144106
https://doi.org/10.1103/PhysRevB.76.144106
https://doi.org/10.1103/PhysRevB.76.144106
https://doi.org/10.1038/s41598-021-94349-4
https://doi.org/10.1038/s41598-021-94349-4
https://doi.org/10.1038/s41598-021-94349-4
https://doi.org/10.1126/science.1102735
https://doi.org/10.1126/science.1102735
https://doi.org/10.1002/andp.18501550306
https://doi.org/10.1002/andp.18501550306
https://doi.org/10.1103/PhysRevLett.90.255701
https://doi.org/10.1103/PhysRevLett.90.255701
https://doi.org/10.1103/PhysRevLett.90.255701
https://doi.org/10.1029/JZ066i005p01491
https://doi.org/10.1029/JZ066i005p01491
https://doi.org/10.1126/science.1233514
https://doi.org/10.1126/science.1233514
https://doi.org/10.1103/PhysRevLett.104.255701
https://doi.org/10.1103/PhysRevLett.104.255701
https://doi.org/10.1364/OE.23.013443
https://doi.org/10.1364/OE.23.013443
https://doi.org/10.1143/JJAP.21.L482
https://doi.org/10.1143/JJAP.21.L482
https://doi.org/10.1002/anie.200503017
https://doi.org/10.1039/D3NR01113E
https://doi.org/10.1039/D3NR01113E
https://doi.org/10.1038/s41467-020-19168-z
https://doi.org/10.1038/s41467-020-19168-z
https://doi.org/10.1103/PhysRevB.74.134112
https://doi.org/10.1103/PhysRevB.74.134112
https://doi.org/10.1103/PhysRevB.74.134112
https://doi.org/10.1103/PhysRevLett.84.2881
https://doi.org/10.1103/PhysRevLett.84.2881
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(61) Saitta, A. M.; Datchi, F. Structure and phase diagram of high-
density water: The role of interstitial molecules. Phys. Rev. E 2003, 67,
020201.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c01794
J. Phys. Chem. Lett. 2024, 15, 8402−8409

8409

https://doi.org/10.1103/PhysRevE.67.020201
https://doi.org/10.1103/PhysRevE.67.020201
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

