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ABSTRACT

Recent advances in high-pressure technologies and large-scale experimental and computational facilities have enabled scientists, at an
unprecedented rate, to discover and predict novel states and materials under the extreme pressure-temperature conditions found in deep,
giant-planet interiors. Based on a well-documented body of work in this field of high-pressure research, we elucidate the fundamental
principles that govern the chemistry of dense solids under extreme conditions. These include: (i) the pressure-induced evolution of
chemical bonding and structure of molecular solids to extended covalent solids, ionic solids and, ultimately, metallic solids, as pressure
increases to the terapascal regime; (ii) novel properties and complex transition mechanisms, arising from the subtle balance between
electron hybridization (bonding) and electrostatic interaction (packing) in densely packed solids; and (iii) new dense framework solids
with high energy densities, and with tunable properties and stabilities under ambient conditions. Examples are taken primarily from low-Z
molecular systems that have scientific implications for giant-planet models, condensed materials physics, and solid-state core-electron
chemistry.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunder aCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5127897

I. NOVEL STATES AND NEWMATERIALS UNDER
EXTREME CONDITIONS

The materials that exist deep in planets and stars experience
extremely high pressures (HPs) and temperatures (Fig. 1). The
pressure spans tens of orders ofmagnitude, ranging from 0.1 to 1GPa
in icy comets to a few 100 GPa in earth-like rocky planets and 1–100
TPa in gas giants in solar and extra-solar systems.1 The compression
energy spans: (i) 1–10 meV for the dispersion and dipole energies,
sufficient for the condensation of most, if not all, light gas molecules
into liquids and solids; (ii) ∼1 to 10 eV for the valence-electron
energies, for chemical reactions to form extended polymers and
metals; and (iii) a few 10–1000 eV, involving deep core electrons for
new chemistry to occur.

Materials under extreme conditions undergo significant changes
in their bonding, structures, and properties that have significant
implications for the fundamental sciences, materials, and technolo-
gies. For example, the compression energy at the bottom of the ocean
(∼0.1 GPa) rivals the hydrogen bond energy that drives water to form

clathrates with captured methane inside.2 At 1–12 GPa, all light-gas
molecules, such as H2, He, N2, O2, H2O, and CO2 condense into
highly compressible molecular solids. At 10–50 GPa, unsaturated
chemical bonds become unstable compared with more saturated
ones, converting sp hybridized C≡O, C≡N, and C≡C bonds to sp2/sp3

conjugated polymers3–5 and sp2 graphite to superhard sp3 diamond.6

At 50–100 GPa, the compression energy rivals or even exceeds the
chemical-bond energies of C≡O and N≡N, two of the strongest
chemical bonds in molecules. Under such conditions, all first- and
second-row (or low-Z) elemental solids form dense covalent network
structures, such as cubic gauche (cg)-N,7–9 silica-like CO2-V,

10–13 and
symmetric ice-X.14–16 At 200–500 GPa, many covalent solids become
metallic, and even superconducting, as predicted and found in
compressed H2

17–19 and H2S (attributed to H3S).
20,21 Above 1 TPa,

atoms are brought so close together that even the valence electrons of
simple metals can assemble together as quasiparticles,22–24 which fill
the interstitial sites of core-electron nuclei and form the novel ionic
states of electrides. Yet, at higher pressures of 10–100 TPa, the
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compression energy can reach that of the core-electron energy
(1–10 keV), which may give rise to an entirely new chemistry.

High-pressure (HP) research examines the novel states, trans-
formations, and properties of dense elemental solids that may con-
stitute the interiors of giant planets and exoplanets. HP research
provides fundamental materials data over a large range of pressure,
temperature, and compression energy, which is critical to develop-
ment and validation of new condensed matter theories and planetary
models. HP research also provides fundamental insights into the
stability-structure-property relationships of solids, which is critical to
the development of new materials and structures that are stable at or
near ambient conditions. In recent years, there has been an un-
precedented number of discoveries of new materials and material
structures, establishing pressure as a new dimension in materials
research.25–33

In this paper, we present several fundamental concepts gov-
erning the chemistry of dense solids under extreme conditions, re-
trieved from the recent discoveries of new materials under extreme
conditions. The focus will be on understanding the pressure-induced
evolution of chemical bonding and structure in dense solids, from
molecular to covalent, ionic and, ultimately, metallic solids under
extreme conditions. We also focus on the novel properties and

complex transition mechanisms arising from the subtle balance
between electron hybridization (bonding) and electrostatic in-
teraction (packing) in densely packed solids.

This paper is organized as follows: We first describe modern
high-pressure experimental methods in Sec. II; then, we discuss the
thermodynamic constraints on chemistry under extreme conditions,
with reference to the pressure evolution of chemical bonding and
structure in Secs. III–VII, and the kinetic constraints associated with
the transformations in Sec. VIII.We also describe our recent efforts to
develop newhigh energy densitymaterials using dense, solidmixtures
in Sec. IX. Finally, we offer some concluding remarks in Sec. X.

II. EXPERIMENTAL METHODS

Studies of highly compressible molecular solids under extreme
conditions are very challenging for several reasons. These include: (i)
the difficulties in achieving extremely high pressure-temperature
(PT) conditions; (ii) the absence of an in situ structural probe in
a small number of samples, inevitable at high static pressures; and (iii)
the transient nature (sub-nanosecond) of the compressed states
encountered at high dynamic pressures (Fig. 2).Nevertheless, with the
recent developments in diamond anvil cells (DACs) coupled with
micro-probing diagnostics at third-generation synchrotron x-ray
sources andmodern laser systems, these challenges are becoming less
problematic. A DAC can routinely generate static pressures of
200–300 GPa, while DACs employing toroid diamond anvils34,35 and
double-stage diamond anvils36 can reach 500–700 GPa—the realm of
dynamic experiments using two-stage gas guns and high power lasers.
Increasing effort has been made to use various large-volume presses
for static HP materials research, employing WC anvils,37 møssanite
anvils,38 sapphire anvils,39 high-pressure sintered cBN anvils,40 and
polycrystalline diamond (PCD) anvils,41 in combination with various
hydraulic presses.

Dynamic-DAC42–49 complements conventional DAC and shock
wave experiments, capable of generating rapidly modulating pres-
sures over a large range of pressure, strain and strain-compression
rates. Furthermore, by applying a series of rapidly modulating

FIG. 2. (a) Modern high-pressure technologies, such as DAC, dynamic-DAC, gas guns, Z-machine, and NIF are capable of generating the extreme PT conditions in the deep
interiors of the giant planets at different time scales. (b) Energy vs reaction coordination diagram, comparing kinetically constrained chemical processes between shock- and static-
compressed materials, leading to decomposition and polymerization, respectively.

FIG. 1. Novel states of materials occur under a wide range of extreme pressures,
which include methane hydrates at 0.1 GPa, diamond at 5 GPa, symmetric ice at 80
GPa, metallic hydrogen at 500 GPa, and Al electrides at 10 TPa. These pressures
can be generated by modern high-pressure technologies in static and dynamic
conditions (Fig. 2).
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pressures in various functional forms, dynamic-DAC produces
a controlled compressive shear at the interface, thereby enhancing
chemical miscibility between the two dissimilar lattices of low-Z
molecular solids. This method has been used in combination with
time-resolved (TR) Raman spectroscopy,45 TR x-ray diffraction,46

high-speed optical microscopy,47,48 and optical interferometry49 to
probe metastable structures, phase transitions, and chemical re-
actions, at tailored compression rates of up to 104 GPa/s.

Gas-guns, high-power lasers, and magnetic drivers are also used
in HP research to investigate material behaviors under dynamic
compressions. The Z-pulse power machine and high-power lasers,
such as the Omega (Ω) and the National Ignition Facility (NIF),
extend the limit of static pressures to dynamic pressures, well over 1
TPa.50–52 The NIF, for example, is capable of attaining 1 PPa (10
Gbars) in low-Zmaterials in a convergent geometry,53 where atoms in
solids can be squeezed into the regime of the Bohr’s radius. While
dynamic experiments are typically performed to theHugoniot state of
a material,54 they can be modified to provide an array of precisely
controlled thermal loadings, ranging from double and multiple
shocks to ramp-wave loadings and to quasi-isentropic states, thus
enabling one to access a substantially wider range of phase space.55,56

Furthermore, coupling with advanced light sources such as 3G
synchrotron x-rays57,58 and 4G x-ray free electron laser (XFEL),59,60 it
is now possible to investigate the fast transformations and transient
species of shocked materials in time scales of nanosecond to
femtosecond.

Shock and static high pressures are complimentary in many
aspects, including in thermal conditions, kinetics, states of stress, and
rates of loading; all of these can affect material transformations
(Fig. 2). Because of these differences, materials behave quite differ-
ently under shock and static conditions. For example, shocked
materials undergo shear driven martensitic transformations61 than
thermodynamically bound reconstructive ones. Shock-compressed
liquid is often found well above its melt curve,62 typically crystallizing
into nanocrystals or amorphousmaterials.63 Shock-induced reactions
are often dissociative, leading to decomposition products,64 whereas
static reactions are typically associative, leading to polymeric prod-
ucts65,66 [Fig. 2(b)]. Shock compression occurs along uniaxial strain,
enhancing shear-band interaction in a solid,67 which is absent in static
conditions.

The complementary information from shock- and static-high-
pressure experiments is critical to gain insight into material trans-
formations at high PT conditions. Furthermore, combining these
static and dynamic HP methods with advanced light sources, such as
third-generation (3G) synchrotron x-rays, 4G x-ray free electron
lasers (XFELs), and spallation neutron sources (SNS), provides op-
portunities to discover new materials and exploit new chemistry
under extreme PT conditions.

III. STRUCTURE AND CHEMICAL BONDING

The nature of chemical bonding in a dense solid under extreme
conditions can be quite different from that under ambient conditions,
a nature manifested in the solid’s crystal structure. An excellent
example of this is the nearly identical density between noble gas solid
Xe and ionic solid CsI above ∼80 GPa–300 GPa,68,69 while displaying
completely different densities and chemical bonding at ambient and
low pressures. It underscores the chemistry occurring in these very

different solids and leads to very similar if not identical chemical
bonding. It is important to note that both Xe70,71 and CsI72–74 become
metallic at around 110–130 GPa, and questions are emerging re-
garding the exact nature of the related chemistry, the answers towhich
could apply to other materials under similar conditions: how do
different chemical bonds in solids [including van der Waals (vdW),
covalent, and ionic bonds] evolve into metallic states; where do they
occur; and what drives such changes?

To illustrate the pressure-induced evolution of structure and
chemical bonding under extreme pressures, we consider a hypo-
thetical 2D molecular lattice in Fig. 3.28 Molecular solids are highly
compressible, bound by weak van der Waals interactions. Upon
compression the vdW space is rapidly collapsed, and the nature of
intermolecular interaction becomes highly repulsive. As a result, the
electrons localized within intramolecular bonds become unstable,
inducing pressure-induced electron delocalization among adjacent
molecules. This results in the transformation of molecular solids to
nonmolecular extended solids in the three-dimensional (3D) net-
works of corner (or edge)-sharing polyhedra. Examples are nu-
merous, including single bonded “polymeric” cg-N7–9 and silica-like
CO2-V.

10–13

Extended solids initially possess high-symmetry open structures,
with highly degenerated atomic configurations, as found in diamond
and symmetric ice X. With increasing compression, these open
network structures are subjected to subtle structural symmetry-
breaking distortions, which are electronic in origin. The driving force
for symmetry lowering transitions is densification achieved by po-
larizing the chemical bonds. The consequence of structural distortion
is, however, many near-ground states, providing pathways to local
energy minima, path-dependent transitions, and phase metastability,
as observed in layered polymeric nitrogen (LP-N)75,76 and layered
carbonate (i-CO2)

77 structures.
Upon further compression, to well above 100 GPa, the valence

electrons of low-Z extended solidsmay ionize to form an ionic solid or
amixture of substituent elemental solids. Pressure-induced ionization
occurs as electrostatic forces begin to dominate at extreme conditions.

FIG. 3. A concept of pressure-induced chemistry in a 2D lattice, illustrating the
evolution of chemical bonding and structure with increasing pressure, from weakly
boundmolecular solids to covalently bonded extended solids and ionic solids. These
transformations are primarily driven by pressure-induced densification, promoting
the delocalization and even ionization (or localization) of electrons from both valence
and core states [Reproduced with permission from C.-S. Yoo, MRS Bull. 42, 724
(2017). Copyright 2017 Cambridge University Press].
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At a given density, a delicate balance between electron delocalization
(governing bonding) and ionization (governing packing) can give rise
to novel structures and phenomena. Important properties resulting
from this balance between bonding and packing include kinetic-
controlled transformations, novel interfacial structures, and large
bandgap ionic solids.

TheHP chemistry described above occurs at large compression
energies,26,27 exceeding the energies of defects and grain boundaries
that make the solid-state reaction nonpredictive and uncontrollable
under ambient conditions. In this regard, the structure of dense
solids is predictive, primarily based on thermodynamic constraints.
This makes possible the development of new materials from the
stages of computational design to experimental discovery, and
vice versa.28–31

IV. PRESSURE-INDUCED ELECTRON DELOCALIZATION
TO EXTENDED COVALENT SOLIDS

Pressure-induced transformations from dense molecular solids
to nonmolecular extended solids with strong covalent-bond frame-
works reveal a fundamental principle of high-pressure chemistry; that
is, pressure-induced electron delocalization, which occurs because
electron kinetic energy has a higher density dependence (ρ2/3) than
does electrostatic potential energy (ρ1/3). As a result, electrons lo-
calizedwithin intramolecular bonds become increasingly less stable as
density (or pressure) increases, and the intermolecular potential
becomes highly repulsive. At high enough pressures, this leads to
more electron-delocalized states, such as polymeric or metallic solid
states. This is the reason that many unsaturated molecular bonds
become unstable at pressures of 10–20 GPa,78–80 and fully saturated
single-bonded 3D network structures are ubiquitous at high
pressures.81

The pressure-induced electron delocalization in dense molecular
solids can be understood in terms of storing large compression energies
into chemical energies in dense framework structures. The resulting
materials typically have high densities (3–4 g/cm3) and high energy
densities (1–10 eV/nm), constituting a high-energy-density solid
(HEDS). Because aHEDS ismade of strongcovalent bonds, there canbe
a large kinetic barrier to depolymerization, providing opportunities to
recover them at ambient conditions. This is illustrated in Fig. 4. Ob-
serving the transition at the onset of transition threshold pressure
typically requires the substantial heating of materials, despite their
expected stability at lower temperatures. For example, the graphite-to-
diamond transition occurs above 1500 °C at 5 GPa,82 yet is absent, or
occurs at substantially higher pressures,75,83,84 at ambient temperatures.
Instead, compressing graphite at ambient temperature leads to highly
disordered solids above 20–40 GPa.76,85

Nitrogen was the first element predicted to form singly bonded
cg-N,7 later confirmed by laser-heated DAC experiments.8,9 This
polymerization is accompanied by a huge volume collapse∼25%, even
at 110 GPa,86 which is remarkable in comparison with the graphite-
to-diamond transition,∼27% at 5GPa.87 The calculation predicts that
cg-N is a HEDS with an energy content of 33 kJ/cm3, as well as its
being recoverable under ambient conditions. The depolymerization
activation barrier is estimated to be 1.2 eV/atom. However, cg-N
reverts tomolecular N2 below 60GPa.8,9,88 This apparent discrepancy
is likely due to the catalytic effect of surface atoms, unzipping (or
depolymerizing) the network structure, as found in CO2-V.

89

Low-Z extended solids exhibit many interesting mechanical,
optical, and electronic properties, in addition to high energy density,
and constitute a class of novel materials. Some examples are shown in
Fig. 5; note the substantial level of second harmonic generation by
silica-like CO2-V,

90 the high critical temperature (Tc) supercon-
ductor of dense CS2,

91,92 the high energy density of CO,93 and the
colossal Raman cross section of LP-N.75 These properties of extended
solids arise from the combination of their being low-Z and comprising
dense 3D network structures. The large cohesive energy, E, and small
interatomic distance, d, for example, make low-Z extended solids
extremely incompressible, as evidenced by their large bulk moduli, B,
where it can be approximated as ∼E/d.94,95 Furthermore, at high
pressures π– or nonbonding electrons in unsaturated low-Z mole-
cules are more accessible than σ-electrons, resulting in all singly
bonded network structures possessing large bandgap energies, as does
diamond and cg-N. The high phonon frequencies of low-Z lattices can
more efficiently couple with electrons, resulting in high Tc super-
conductivity,96 while the high thermal diffusivity of low-Z lattices
renders extended solids more resistant to extreme heat and photon
flux. The collective behavior of electrons, phonons, and ions, in such
continuous low-Z 3D network structures, results in new function-
alities, such as piezoelectricity, ferromagnetism, superconductivity,
superionicity, and nonlinear optical behavior, underscoring the
considerable potential of low-Z extended solids.

V. PRESSURE-INDUCED ELECTRON LOCALIZATION
TO LOW SYMMETRY IONIC SOLIDS

The formation of nonmolecular extended solids produces rel-
atively highly symmetric local structures of corner-shared polyhedra.
With regard to density, these are relatively open structures that are

FIG. 4.A thermodynamic representation of pressure-induced electron delocalization
to high density, high energy extended solids. Vo signifies the specific volume of
molecular solid under ambient conditions, whereas VES and VMS represent the
molecular solid and extended solid at the transition pressure. The pressure (or
energy) offset of the transition (2 → 3) from the equilibrium value (the green line)
signifies the presence of a large activation barrier. A similar kinetic barrier in the
backward transition (3 → 4), on the other hand, makes it possible to recover the
high-energy, high-density product under ambient conditions.
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eventually subjected to lattice distortions in tighter spaces or under
further compression, to pressures well above 100 GPa. Driven by
densification, the valence electrons of extended solids may become
highly polarized and even ionized to form ionic solids, as the columbic
attraction supersedes the stabilization of electron delocalization
(bonding) at small interatomic distances. As a result, the high-
symmetry extended solids in the 3D covalent networks transform into
ionic solids with highly distorted, low-symmetry and low-dimension
structures, as predicted and observed in H2O, N2, CO, and CO2 at
high pressure.

Evidence for pressure-induced ionization can be found in the
layered structuresof dense solids at extremepressures (Fig. 6).Nitrogen,
for example, is a prototypical diatomic molecule, exhibiting a fasci-
natingpolymorphismwith four solidmolecular phases (α,β, γ, δ) below
10GPaand300K.88,97,98Upon compression,δ-N2 undergoes a series of
structural transitions to ε-, ζ-, and amorphous black η-N2 at ambient
temperature, and to ε-, θ-, and amorphous “red”-N at high temper-
atures.9,99–101 These phases in the intermediate pressure range exhibit
strong kinetic dependence, such as path-dependent stability, meta-
stability, large lattice distortions, and irreversible transformation.102 At
120–180 GPa, nitrogen becomes fully saturated (or extended), first
forming singly bonded cg-N (I213) at 110 GPa,

8,9 and then, 2D layered
polymeric LP-N (Pba2) at 120–180 GPa.103 Interestingly, the LP-N
structure is made from two different nitrogen atoms; one in a nearly
ideal (<NNN � 120°, sp2-hybridized) three-fold coordination, and the
other in a buckled (<NNN � 100°, sp3-hybridized) three-fold co-
ordination, analogous to that in cg-N.104,105 This structure clearly in-
dicates the polarization of nitrogen, resulting in the distorted, layered
structure at high density (∼4.85 g/cm3 at 120 GPa). In comparison, the
density of cg-N is 4.50 g/cm3 at the same pressure. The layered structure
gives rise to two distinctive nitrogen vibrational modes from the sp2

N-N at 1300 cm−1 and the sp3 NN at 1000 cm−1 at 150 GPa. The latter
mode is analogous to that of cg-N at ∼900 cm−1 at the same pressure,
considering a ∼7.8% density difference between cg-N and LP-N. The
formation of singly bonded layered nitrogen has recently been con-
firmed evenat thehigherpressuresof 180–250GPa, notedasHLP-N.106

Thus, the symmetry lowering transition from3D cg-N to 2DLP/HLP-N
clearly underscores the pressure-induced ionization, which is driven by
densification. In fact, the theoretical calculation104,107 even predicts that
2D LP-N transforms to 0D N10 clusters with substantially enhanced
ionic characters, evident from the greater diversity in the hybridization

of nitrogen atoms, including the bonded sp2 and sp3 orbitals, as well as
the lone pair, sp3 and pZ.

The formation of similar, layered structureshas alsobeenobserved
in dense CO, but at substantially lower pressures of 50–100 GPa.108–112

Molecular CO (δ-phase) undergoes a series of chemical trans-
formations: initially to a highly colored, low-density (∼1.8 g/cm3)
polymeric phase I at 6GPa,91 then toahigher density (∼2.4 to 3.4 g/cm3)
translucent 3D network, phase II, and finally, to a transparent, layered
phase III, above 50–70 GPa.113 The properties of polymeric CO phases
are consistent with those of the theoretically predicted structures of
dense CO phases:113–115 1D P21/m for phase I, 3D P212121 for phase II,
and 2DCmcm for phase III. Thus, these transitions in dense CO signify
a stepwise polymerization of C≡O in the molecular phase to highly
conjugated, unsaturated C�O in the 1D polymer in phase I, saturated
C–O in the 3D network in phase II, and a 2D layered structure in
phase III. The layered structure is evident from the characteristic nm-
lamellar structure of recovered phase III.108

The evidence of pressure-induced ionization is found not only in
molecular solids, CO andN2, with unsaturated bonds, but also in singly
bonded H2O [Fig. 6(c)]116–118 and ionic solids, like NaCl
[Fig. 6(d)].119,120 At ambient temperature, water crystallizes into
a hydrogen-bonded network structure of ice VI (P42/mnc) at ∼0.9 GPa,
ice VII (Pn3m) at 2.1 GPa, and then, symmetric ice X (Pn-3m) at 40–80
GPa. The crystal structure of ice X is a 3D network made of highly
symmetric corner-sharing OH4 tetrahedra, where H atoms are at the
center positions of two adjacent O atomswith<OHO � 180°. This is an
openstructure,whichcanbedistortedupon further compression for the
sake of achieving higher density. Molecular Dynamics (MD) simula-
tions118 have, in fact, predicted that the high symmetry proton-ordered
ice X becomes unstable and transforms into a fast-ion proton con-
ducting iceXI (Pbcm) at 300–400GPa. Recent density functional theory
(DFT) calculations116,117 have predicted several additional phases in
distorted layer structures: a Pmc21 phase at 930 GPa and a layered P21
crystal structure at 1.3 TPa [Fig. 6(c)]. These phases are wide-bandgap
insulators over a large pressure range, up to4.8GPa,where it transforms
to a metallic C2∕m phase.116

The low-pressure B1 (Fm3m or cF8) phase of NaCl transforms
into aCsCl-like B2 (Pm3m or cP2) phase at∼30GPa,119 which is stable,
at least to 304 GPa.120 These phases are relatively high-symmetry
structures, of which the band structures clearly indicate insulators with
valence electrons localized on Cl− anions. At higher pressures, the DFT

FIG. 5. Novel properties observed in low-Z extended solids: (a) Second harmonic generation of silica-like CO2-V. (b) Superconductivity of dense CS2. (c) High energy density of
polymeric CO. (d) Colossal Raman scattering of layered polymeric nitrogen (LP-N) [Reproduced with permission from C.-S. Yoo, MRS Bull. 42, 724 (2017). Copyright 2017
Materials Research Society].
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calculations have predicted the stability of three new orthorhombic
phases:121 oC8 at 320 GPa, oI8 at 680 GPa, and oP16 at 700 GPa [see
Fig. 6(d)]. It is important to note that these structures are distorted layer
structures of Na+ and Cl− sublattices, which attain the required higher
density comparedwith the lowpressure phases,whilemaintaining their
ionic characters up to around 1 TPa.

Clearly, there is abundant evidence for pressure-induced ionization
to form low-symmetry, yet high-density, layered structures in dense
solids, regardless of the nature of the chemical bonding that includes
those existing asmolecular solids, ionic solids, and even noble-gas solids
at low pressures. Therefore, it is conceivable that the symmetry lowering
transition from a 3D framework structure to a 2D layered structure
occurs more often, in general, following the formation of extended
covalent network solids. It arises from a substantially enhanced elec-
trostatic (i.e., coulombic) interaction in densely packed solids at extreme
pressures, well above 100–300 GPa. In fact, the formation of simple

metal electrides22–24 can be considered in a similar way: valence elec-
trons by themselves form anions, filling in the interstices of the protonic
sublattice in low-symmetry structures.

VI. METALLIZATION OF IONIC SOLIDS

One important question iswhether an ionic state, such as pressure-
induced ionization, could ever bemetallized? If so,when (pressure), how
(mechanism), and where (states) would it transform? This is a crucial
but unresolved question in relation to most materials because of ex-
perimental limitations in achieving those extreme conditions that are
only within the realm of theory. Nevertheless, the metallization of ionic
solid CsI in comparison with the van derWaals noble-gas solid Xe may
offer some insights into the chemical mechanism of metallization in
dense ionic solids. For example, the B2 (Pm3m) phase of CsI transforms
into an orthorhombic (Pnma) phase at 42GPa, with a hexagonal, closed
packed (hcp) stacking,72 resembling hcp Xe. Furthermore, CsI becomes

FIG. 6. Crystal structures of dense low-Z solids under extreme conditions, showing the pressure-induced ionization of 3D covalent bonds to 2D ionic solids in: (a) N2 from the
molecular ε(r-3m) phase to the singly bonded phase, 3D cg-N (I213) at 110GPa, and 2D layered polymeric LP-N (Pba2) at 150 GPa. (b) CO from 1D linear chain phase I (P21/m) to
3D ladder phase II (P212121) and 2D layered phase III (Cmcm). (c) H2O from 3D symmetric ice X (Pn-3m) at 80 GPa to distortedP21 phase at 1 TPa and 2D layeredC2/m at 2 TPa.
(d) NaCl from an oC8 phase at 320 GPa to oI8 at 650 GPa and oP14 above 700 GPa.
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metallic above 115 GPa, and even superconducting above 180 GPa, at
a critical temperature of ∼2 K.73 Interestingly, theory74 explains that the
superconductivity originates from an electron transfer from I− to Cs+,
resulting in the same closed electronic-shell configuration of Xe. In fact,
Xe becomes metallic at 132 GPa, although no superconducting tran-
sition has been found in pure Xe.

It is important to note that, despite the closed-shell structure,
valence electrons in Xe are highly polarizable, which can give rise to
a wide range of chemical compounds.122–124 Thus, a plausible, al-
ternativemechanism that explains the similarmetallic bonding in CsI
and Xe above 110–130 GPa70–74 is a charge transfer mechanism
between Xe atoms, forming an ionic solid, consisting of partially
charged Xe+ and Xe− layers, analogous to the pressure-induced
ionization in CO, N2, andH2O [see Fig. (6)], as well as the structure of
the layered hcp-like structure of CsI. Metallization can then occur by
closing the bandgap of the anionic Xe sublattice. This mechanism of
metallization is then analogous to what has been predicted to occur in
NaCl above ∼700 GPa [Fig. 6(d)].121

In NaCl [Fig. 6(d)], theory predicts that the oC8 structure is
metallized via pressure-induced bandgap closure above ∼650 GPa,
while both oI8 and oP16 are metallic in their stable pressure ranges
above∼700GPa. Interestingly, the calculated band structures indicate
that all predicted metallic phases retain predominantly ionic char-
acters up to 900 GPa, whereas the metallic properties are primarily
due to the band overlap of hybridized Cl 3p-3d states. Calculations
show that the DOS of Na near the Fermi level is very low in these
phases, highlighting the charge transfer from Na to Cl and the ionic
character in these phases. Therefore, the metallic behavior of these
ionic phases can be attributed to the crystal structures of the extended
anionic sublattices. The ionic attraction between layered sublattices
certainly favors electron conductivity.

Novel metallic states are also expected to form from dense ionic
phases ofN2 andH2O (P41), but at even higher pressures. Themetallic
state of solid N2 has not yet been predicted, although increasing
optical reflectivity has recently been reported in fluids above 2500 K
and 125 GPa125,126 in the pressure regime of cg-N and LP-N. The
distortion of dense symmetric H2O induces polarization in O–H–O
bonds, breaking up the typical tetrahedron bonds and forming
a partially ionized phase (P21) consisting of coupled charge trans-
ferred layers of (OH)− and (H3O)

+ lattices [Fig. 6(c)]. This ionic phase
is predicted to transform into a metallic C2/m phase at 4.8 TPa,116

resulting from a pressure-induced band overlap of the O2− sublattice.
This mechanism of metallization—by closing the bandgap of the
anion sublattice—is, again, analogous to that of NaCl and Xe con-
jectured above, and thus provides a general picture of the chemistry in
dense solids. The same theory predicts that at 4.8 GPa the zero-point
energy of hydrogen is substantially greater than the binding energy of
the lattice, causing the melting of the H-sublattice or even the entire
solid. Such a remelting in dense H2O is similar to that observed in H2

and alkali metals, such as Li127,128 and Na,129 as well as in the dis-
sociation of hot dense H2O and NH3 reported in MD simulations130

and recent experiments.131 Thesemechanisms, however, can compete
with the metallization of ionic phases of H2O, depending on a subtle
balance between the collapsing of the electron bandgap of the oxygen
sublattice and kinetically controlled proton diffusivity.

VII. TEMPERATURE-INDUCED IONIZATION

Increasing temperature expands the bond distance inmore open
structures like bcc because of a large increase in entropy132 and ul-
timately induces the formation of ionic species,133,134 as illustrated in
Fig. 7. Such a temperature-induced ionization would eventually
produce a conducting state of matter if the pressure was sufficiently
high.56,135 This means that the molecular-to-nonmolecular and in-
sulator-to-metallic transitions would form a closed loop in the
pressure-temperature phase diagram. These close loops of melting
and molecular-to-nonmolecular phase lines should intersect at
a triple point of intermediate high pressure and temperature.136,137

Therefore, the combined effects of high pressure and high temper-
ature provide a way of probing the delicate balance between me-
chanical (PΔV) and thermal (TΔS) energies, or between pressure-
induced electron delocalization and temperature-induced electron
ionization, reflected by the stabilities of phases and phase boundaries.
These pressure-temperature induced changes are unique, establishing
an entirely different set of periodic behaviors in crystal structure and
electronic and magnetic properties not found in the conventional
periodic table.

At high temperatures, materials can increase their fluidity (or
diffusivity) by a substantial degree, especially if they are light ele-
ments, such as H and He, and form novel superionic states of dense
solid H2O and NH3, where hydrogen atoms can move freely, while
oxygen atoms arefixed in their anionic sublattice. Recently, it has been
predicted that He and H2O can also form stable compounds, such as
He(H2O)x where x� 1, 2, 3,. . . over a large pressure range—even close
to ambient pressure.138,139 Interestingly, ab initio MD simulations
indicate that He(H2O)x transforms to novel superionic phases at

FIG. 7. A conceptual phase/chemical transformation diagram of molecular solids,
signifying the pressure and temperature induced ionization leading to nonmolecular
polymeric, metallic, and ionic solids. A delicate balance between the compression
energy (PΔV) and the entropic energy (TΔS) under extreme pressure-temperature
conditions gives rise to novel states and transitions of materials in both solids and
liquids, which are strongly controlled by chemical kinetics. The compression energy
at 100 GPa (∼10 eV) can strongly modify the valence electron configuration or
chemical bonds of molecular solids; at 1 TPa (∼100 eV) it can even alter the core
electron configuration and induce a new type of chemistry never experienced in the
past.
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elevated temperatures, initially He-disordered then H-disordered at
the interstices of the ordered oxygen lattice, before the melting or
disordering of the lattice138 The formation of superionic phases of
light elemental solids is important, as they form under the PT
conditions of the ice layer in giant planets. Furthermore, the predicted
demixing of H2 and He140 can give rise to He precipitates in H2O in
the ice layer and thereby alter the structure, composition, and dynamo
of planets.

VIII. KINETIC-CONTROLLED TRANSFORMATIONS

Kinetically controlled processes provide opportunities to ob-
serve metastable phases and develop new materials, both crystalline
and amorphous solids, under rapid compression using dynamic-DAC
and rapid quenching using laser-heated DAC, as well as by shock
compression using gas guns and high-power lasers. This approach
stems from the fact that the dynamic shear strains generated by rapid
yet precisely controlled pressure (or temperature) modulations can
enhance interfacial mixing and thereby the chemistry between the
dislike lattices of C, B, N2, H2, and O2. Furthermore, by precisely
controlling pressure, large crystals can be grown along the melt
boundary into different crystal morphologies, including single
crystals, fractals, and dendrites, by varying the characteristics of
pressure modulation, and the shape, frequency, amplitude, and
compression rate. This is observed during the solidification of water,
as shown in Fig. 8.42,43,47 Image A shows a single crystal and B
dendrites, although both are made of ice VI.42,43 Liquids can be
rapidly compressed to super-compressed states to producemetastable

structures that may resemble the structure of dense liquids, e.g.,
metastable ice VII is produced in the stability field of ice VI, shown in
image C. Various forms of disordered solids can also be formed, such
as the high-density amorphous ice produced in no man’s land in
image D.47 While crystal growth mechanisms are important in un-
derstanding the macroscopic complexities of crystal morphologies
and microstructures, they are also important in understanding the
microscopic behaviors of atoms and molecules at solid-liquid
interfaces.

The transitionmechanisms of dense solids are generally complex
and often controlled by strong kinetics, especially in the transition
regions of: (i) Structural miscibility at relatively low pressures,141–144

where atomic and molecular diffusion are very much limited, and the
chemistry is controlled by structural miscibility and lattice strain at
the interfaces. This is important in understanding the chemistry at the
interfaces of heterogeneous mixtures that leads to low-dimensional
modulated structures, such as solid H2 intercalated graphite.145 (ii)
Chemical bonding in an intermediate pressure region, where mo-
lecular solids develop substantial intermolecular interaction, greater
than that between hydrogen bonds but less than that between covalent
bonds. The transformations are controlled by kinetics, thermal paths,
and lattice distortions, well beyond thermodynamic constraints.
Examples include the path dependent phase boundaries between
CO2-II and CO2-IV,

146 as well as the path-dependent phases of
CO2-VI

147 and coesite-like CO2.
148 (iii) Electrostatic packing in

a high-pressure region, where electron hybridization (bonding) en-
ergy competes with electrostatic stabilization (packing) energy, and
high-symmetry 3D network structures transform into low-symmetry
distorted structures, eventually leading to ionization, decomposition,
or phase separation. This packing effect is important in un-
derstanding the chemistry in immiscible mixtures that results in
nonstoichiometric interstitial-filled compounds. These are the re-
gions where a profound knowledge gap exists in both theory and
experiment under extreme conditions. Thus, future high-pressure
studies should examine the behavior of materials in these transition
areas in both the unary and binary systems of low-Zmolecular solids.

IX. DENSE FRAMEWORK SOLIDS WITH HIGH
CHEMICAL ENERGIES

Discoveries of novel low-Z extended solids at high pressures
have opened up new avenues of research inquiry. While these co-
valently bonded extended framework solids exhibit unusual prop-
erties, such as high energy density, extreme hardness, second
harmonic generation, a colossal Raman cross section, and a record
high Tc superconductivity (Fig. 5), these materials revert to their
molecular states upon the release of pressure, thus losing their novel
properties. As a result, only a few systems have been recovered to date,
limiting the materials within a realm of fundamental scientific dis-
coveries. Therefore, an exciting new research area has emerged re-
garding understanding and, ultimately, controlling the stability,
bonding, structure, and properties of low-Z extended solids in various
novel framework structures.

The development of low-Z extended solids amenable to ambient
stabilization poses great scientific and technological challenges. Those
challenges primarily stem from the formidable transition pressures
and high-energy states, whichmake themmetastable at low pressures.
A logical way to overcome these challenges is to use low-Z solid

FIG. 8. Various ice crystals, stable and metastable, formed along different thermal
and kinetic path under rapidly modulating pressures using dynamic-DAC, including
(a) single crystal ice VI (b) dendritic ice VI (c) metastable ice VII produced in the
stability field of ice VI, and (d) high density amorphous (HDA) ice produced in no
man’s land.
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mixtures, where the internal chemical pressure can lower the tran-
sition pressure, and strong hetero-nuclear chemical bonding replaces
dangling bonds, enhancing the stability of extended network struc-
tures under ambient conditions. Furthermore, a greater number of
new materials can potentially be developed via solid-state combi-
natory reactions ofmixtures. Importantly, the use ofmixtures permits
the control of the transition pathway and pressure, and of the stability,
structure, and properties of products.

The novel properties of extended solids (Fig. 5) are, to a first
approximation, controlled by interatomic distance and topological
arrangement (or framework structure), both of which can be tuned
precisely and significantly by pressure and composition. Conse-
quently, the properties of extended solids made of binary and ternary
mixtures can be as novel as those of single-component low-Z ex-
tended solids, yet can be tuned chemically using various elemental
solids or specific extended structures. Examples include an array of
polymeric products formed fromdense COmixtures withH2,N2, and
Fe, as described below.

CO:108 Carbon monoxide was one of the first molecular systems
found to transform into a highly disordered and colored (brown-dark
red) nonmolecular “polymeric” solid above 5.5 GPa that can be re-
covered at ambient pressure.109–112 Recently, it was found that this
dark-brown polymeric CO solid (pCO-I or phase I) undergoes further
chemical transformations, initially to translucent pCO-II at 11GPa, and
then transparent pCO-III above 50 GPa, which is stable over a wide
range of pressures, at least to 160 GPa.108 These high-pressure trans-
formations in CO clearly highlight an interesting structure-bonding
relationship of C≡O in the molecular phase to C�O in the 1D chain of
pCO-I, andC–O in the 3Dnetwork of pCO-II and the 2D layer of pCO-
III, as suggested in theoretical studies.113 However, all recovered phases
are deeply colored brown to dark red [see Figs. 9(a)–9(c)] and unstable

at ambient conditions. The phases are hygroscopic and photoreactive,
and theydecompose toCO2 andC.Thedensitywasmeasured∼1.8 g/c3,
suggesting that the recovered products are mostly pCO-I, although the
distinctive changes in texture and color with changing synthesis
pressure indicate the presence of pCO-II.

CO+H2:
149 Doping carbon monoxide with hydrogen can greatly

lower the polymerizationpressure and enhance the stability of recovered
polymeric products. For example, thedeeply coloredpolymer (pCO-I) is
formed at ∼4 (5.5) GPa, which transforms to translucent pCO-II at 7–8
(10–12) GPa and then transparent pCO-III at 20–30 (50–70) GPa. The
transition pressures in pure CO are noted in parentheses. All polymeric
phases are recoverable at ambient conditions, exhibiting an array of
phase stabilities and novel properties. For example, the products re-
covered from5 to 6GPa (mostly pCO-I) are highly unstable and rapidly
sublime or decompose, leaving a small residue of yellow products. On
the other hand, the products recovered from 7 to 11 GPa are sub-
stantially more stable with respect to pCO-I. The density of recovered
products ranges from∼2.7 g/cm3 to3.2 g/cm3dependingon thepressure
recovered, indicating that they are mostly pCO-II. In fact, the recovered
products show strong luminescence [Figs. 9(d) and 9(e)], which is
characteristic of pCO-II. They are still highly disordered and slowly
decompose into crystalline solids of anhydrous polymeric oxalic acid,
while exhibiting interesting crystalmorphologies, such as nm-cobs, nm-
lamellar layers, and μm-bales.149

CO+N2:
150 The synthesis of novel extended forms of nitrogen

and nitrogen-rich materials has been a topic of interest in the devel-
opment of high energy density materials.151–154 Yet, the formidable
transition conditionof this typeof synthesis (above 110GPaand2000K)
makes it impractical, if not impossible. Recent theory, however, has
shown that in CO–N2 mixtures, CO catalyzes the dissociation of N2,
which leads to 1Dcopolymers below18GPaand3Dnetworks at 52GPa.

FIG. 9. Photographic images of polymeric carbon monoxide (pCO) products under ambient conditions, recovered after synthesis at high pressures: (a)–(c) pure pCO synthesized
at 8, 9, and 10 GPa. The images show the presence of two polymeric products (I and II) (d) and (e) 10% H2 doped pCO synthesized at 6 and 7 GPa, showing lower synthetic
pressures than pure CO and strong luminescence [Reprinted with permission from Y. J. Ryu et al., J. Phys. Chem. C 121, 10078 (2017). Copyright (2017) American Chemical
Society].
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In fact, subsequent DAC laser-heating experiments have shown the
formation of high-density (3.983 g/cm3) copolymer CON2, formed in
crystalline form by laser heating of CO–N2 mixtures above 1700 K and
45 GPa (Fig. 10)—a substantially lower pressure-temperature condition
than is required for converting pure nitrogen. In fact, a disordered
product can be made even at lower pressures ∼20 GPa at ambient
temperature. According to the refined structure shown in the inset of
Fig. 10, the crystalline polymer is made of hybridized nitrogen, eight
membered rings of singly bonded CON2 in a three-dimensional
framework structure in the space group of P43, one of the previously
predicted structures.155–158However, unlike the predicted structures, the
present P43 solid reverts to ε-N2-like and δ-N2-like molecular phases as
pressure decreases to 20 and 10 GPa, respectively.

The formation of CON2 copolymer strongly suggests that
a concerted reaction mechanism is in play [Fig. 8(b)], which should
involve a lower kinetic energy barrier than a reconstructive energy
barrier, to formnonstoichiometric cross products of stackedFdd2 and
framework Pbam. The presence of organized dipoles and active re-
action sites in solid CO can minimize the specific volume of the
transition states toward copolymerization with nitrogen and, thereby,
lower the reaction barrier, especially in dense solid mixtures. It is
likely the lower kinetic energy barrier for which the P43 phase
was synthesized regardless of the initial composition of CO–N2

mixtures.
CO+Fe:159 Potentially, advanced framework structures can be

made by doping low-Z extended solids with functional transition
metals. Organometallic compounds with weak metal-ligand bonds
provide opportunities to synthesize functional extended solids. For
example, the phase diagram of Fe(CO)5 (Fig. 11) indicates a limited
stability of molecular Fe(CO)5 phases within a PT region below the
liquid/phase II/polymer triple point. The limited stability, in turn,
signifies the temperature-induced weakening of Fe–CO back bonds,
which eventually leads to the dissociation of Fe–COat the onset of CO
polymerization. The recovered polymer is a composite of layered

crystalline hematite Fe2O3
160 and amorphous carbon-oxygen poly-

mers. These results, therefore, demonstrate the synthesis of carbon-
oxygen polymer by compressing Fe(CO)5, which provides a novel
synthetic route to developing transition metals bearing high energy
density solids by compressing organometallic compounds.

Interest in 3dmetal-doped low-Z extended solids centers on the
goal of stabilizing highly metastable low-Z network structures by
forming metal low-Z organic bonds, while harvesting the functional
properties of 3d transition metals and unusual mechanical properties
of densemetal-organic framework (deMOF) materials. The variety in
electron polarity, structure, strength, and bond energy of metal-or-
ganic bonds, as well as the catalytic effect of metal species, can provide
alternative reaction pathways to low-Z extended solids at more
practically viable pressures and give rise to novel functional properties
from doped metals, such as electric conductivity or magnetism.151

Soft and more ionic metal atoms provide a flexibility to the rigid sp2

and sp3 covalent networks of low-Z extended solids, resulting in
a unique combination of high-strength and ductility,161 while the
metastable nature of interfaces can facilitate the kinetic healing of
damaged structures162 and thereby enhanced stabilities. Polar atoms
(N, O, H, F, and even C) of low-Z extended solids can directly bind
metal ions by forming metal–low-Z bonds or entrap metal atoms in
the interstitial sites of extended framework structures.163,164 In such
cases, the individual metal atoms or ions coupled to low-Z extended
solids may introduce new magnetic, optical, and electric properties,
arising from metal-organic hybridizations, charge transfers, elec-
trostatic bindings, or van der Waals interactions.

X. CONCLUDING REMARKS

The recent discoveries of novel states and new materials under
extreme conditions reveal several fundamental concepts governing
the chemistry of dense solids under extreme conditions. These include
the pressure evolution of chemical bonding and structure in dense

FIG. 11. Phase diagram of Fe(CO)5, consisting of liquid, three molecular phases
(noted as I, II, and III), and a polymeric product. Note that unreacted Fe(CO)5 is
stable within a limited pressure-temperature range, reflecting the weakness of
Fe–CO back bonds with increasing temperatures. The inset shows the lustrous
appearance of recovered Fe(CO)5 polymer, coming from a graphite-like 2D carbon-
oxygen polymer on the surface [Reprinted with permission from Y. J. Ryu et al., Sci.
Rep. 5, 15139 (2015). Copyright 2015 Macmillan Publishers Ltd.].

FIG. 10. Pressure-volume compression curves of extended (red circles) and
molecular (green triangles and yellow squares) CON2 phases in comparison with
those of cg-N (blue line), LP-N (brown), δ-N2 (yellow), and ε-N2 (green). The inset
shows the crystal structure of P43 solid, consisting of four-fold coordinated carbon
atoms (brown), three-fold nitrogen (gray), and two-fold oxygen (red) in a three-
dimensional framework structure [Reprinted with permission from C.-S. Yoo et al.,
J. Phys. Chem. C 122, 13054 (2018). Copyright (2017) American Chemical Society].
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solids from molecular solids to covalent, ionic, and, ultimately,
metallic solids, as well as the novel properties and complex transition
mechanisms arising from the subtle balance between the electron
hybridization (bonding) and electrostatic interaction (packing) in
densely packed solids. We have emphasized that, while many of these
transitions are predictive based on thermodynamic constraints, the
mechanisms are rather complex and are often controlled by strong
kinetics. Especially important are the kinetic controlled processes in
the transition regions of structural miscibility at relatively low
pressures, chemical bonding in an intermediate-pressure range, and
electrostatic packing at extremely high pressures. A profound
knowledge gap in both theory and experiment motivates future
studies on the novel states, transformations, and chemical mecha-
nisms of dense solids in these transition regions.

Modern advances in experimental and computational capabilities
bring us closer to the goal of developing new materials on the basis of
computational design coupled with experimental discovery and char-
acterization. The application of large compression energies, comparable
to chemical bond energies in solids, can advance the concept ofmaterials
by design in unique ways by converting molecular solids into novel 3D
network structures that can be predicted on the basis of first principles
and materials data-based computational science. This control and
manipulation of chemical bonding is particularly effective in the case of
solidsmade from low-Z elements, inwhich thermo-mechanical energies
rapidly become substantially larger than those associated with the
formation and diffusion of defects and grain boundaries. Importantly,
these dense framework solids, when made of low-Z elements, are in-
trinsically hard yet light, e.g., diamond and c-BN, and exhibit superior
thermal, mechanical, chemical, and electro-optical properties. Thus,
they constitute the next generation of structuralmaterials that are dense,
light, multifunctional frameworks.

With modern advances in high-pressure and laser technologies,
it is now possible to achieve the extreme PT conditions of the giant
planets and the large compressions that force materials into fun-
damentally new physical and chemical configurations. Thus, the
chemistry concepts presented in this paper have important impli-
cations with regard to the development of new planetary models,
condensed materials theories, and extreme chemistries involving
deep core electrons.
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