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ABSTRACT 

Using first-principles calculations and crystal structure search methods, we found that many covalently 
bonded molecules such as H2 , N2 , CO2 , NH3 , H2 O and CH4 may react with NaCl, a prototype ionic solid, 
and form stable compounds under pressure while retaining their molecular structure. These molecules, 
despite whether they are homonuclear or heteronuclear, polar or non-polar, small or large, do not show 

strong chemical interactions with surrounding Na and Cl ions. In contrast, the most stable molecule among 
all examples, N2 , is found to transform into cyclo-N5 

− anions while reacting with NaCl under high 
pressures. It provides a new route to synthesize pentazolates, which are promising green energy materials 
with high energy density. Our work demonstrates a unique and universal hybridization propensity of 
covalently bonded molecules and solid compounds under pressure. This surprising miscibility suggests 
possible mixing regions between the molecular and rock layers in the interiors of large planets. 

Keywords: molecule-solid hybrid materials, high-pressure, crystal structure prediction, density functional 
theory, planet interior 
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compounds can be considered as a class of hybrids 
in which water molecules (H2 O) are chemically in- 
tegrated into inorganic crystal structures. Notably, 
CuSO4 forms hydrates of the form CuSO4 ·n H2 O 

where n can range from 1 to 7 [6 ]. In these com- 
pounds, the lone-pair electrons in H2 O form coor- 
dinate bonds with the d orbitals of transition metal 
hosts. NaCl, a classic ionic solid, can also form hy- 
drates, especially under elevated pressure conditions. 
This phenomenon is driven by the screening of elec- 
trostatic potentials by highly polar molecules such as 
H2 O. This interaction mirrors the solvation of NaCl 
in polar solvents, whereby water molecules surround 
and isolate individual sodium and chloride ions. 

One of the more recent and notable examples 
of hybrid materials is organic-inorganic hybrid per- 
ovskites. These materials have gained significant at- 
tention due to their promising efficiency as photo- 
voltaic materials. The formation of these perovskites 
is largely attributed to the strong ionic interactions 
between the negatively charged inorganic anions and 
the positively charged organic cations. This hybrid 
structure offers a promising route toward the design 
of next-generation energy materials [7 ]. 

©The Author(s) 2024. Published
Commons Attribution License (h
work is properly cited. 
NTRODUCTION 

hemical substances are generally divided into two
arge categories: molecules and solid-state com-
ounds. They distinctly differ in structures, bond-
ng features, and properties and have been used in
ifferent areas. Molecules are generally formed from
onmetals and are held together by covalent bonds,
hereas solid-state compounds often comprise met-
ls or metalloids and can be characterized by ionic
r metallic bonding. Hybrid materials, which con-
ist of inorganic components and small molecules,
ave gained intensive attention owing to their unique
hemical structure, physical properties, and poten-
ial applications in optics, electronics, mechanics,
atalysis, and sensors as well as biomedical devices
1 –5 ]. However, these unique characteristics also
mpose challenges on material synthesis, character-
zation, as well as the fundamental understanding of
heir chemical behavior. 
The formation of most hybrid materials usually is

aused by strong chemical interactions between in-
rganic species, such as ions and atoms, and small
rganic molecules. For instance, well-known hydrate
byOxfordUniversity Press on behalf of China Science Publishing &Media Ltd. This is anOpen Access article distributed under the terms of the Creative
ttps://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
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In the current investigation, we aim to explore a
istinctive new category of hybrid materials whose
ormation is not facilitated by strong chemical in-
eractions between molecules and the encompass-
ng inorganic species. Our study was inspired by
ecent research into the unique chemistry that
merges under high pressure. Under these condi-
ions, the chemical properties of elements and the
trengths of the homonuclear and heteronuclear
onds can change drastically, leading to the forma-
ion of many atypical compounds with non-intuitive
ompositions and structures, like NaCl3 , Fe3 Xe, and
sF3 [8 –10 ]. 
Moreover, many recent theoretical and exper-

mental studies have revealed that helium (He)
an react with various ionic crystals to form stable
ernary compounds under high pressure. In these
ompounds, He, despite being a noble gas, is inte-
rated into the crystal structure without forming lo-
alized bonds with neighboring atoms. In this con-
ext, several pressure-stabilized He compounds have
een predicted or synthesized, such as MgF2 He,
eO2 He, and Na2 He [11 –13 ]. These observations
ignal an unprecedented capacity of He to interact
ith other substances under high-pressure condi-
ions, despite its known chemical inertness. 
In this study, we aim to expand upon this con-

ept of helium insertion w ith a v iew to investigating
he potential for inserting small molecules, e.g. H2 ,
2 , CO2 , NH3 , H2 O, and CH4 et al ., into ionic com-
ounds under pressure. The examples are carefully
hosen to represent homonuclear and heteronu-
lear molecules, non-polar and polar molecules, and
olecules with different sizes. Unlike helium, which

s highly resistant to forming chemical bonds, these
mall molecules generally have a much higher chem-
cal reactivity. However, our comprehensive crystal
tructure search studies reveal a compelling general
hemical trend under high-pressure conditions. De-
pite their higher chemical activity compared to he-
ium, most of these small molecules surprisingly re-
ain their integrity when inserted into prototypical
onic compounds, such as NaCl. This leads to the
ormation of thermodynamically stable hybrid com-
ounds, opening up exciting new possibilities in ex-
loring unconventional hybrid materials. 
An immediate application of our study is the

nderstanding of the composition and structure of
lanets’ interiors. All large planets consist of both
ovalently bonded molecules and solid-state miner-
ls, segregated into different layers with large disper-
ive regions. Mars and Venus consist of three lay-
rs: a rocky (iron-nickel/sulfide) core in the center,
 silicate mantle in the middle and an outer com-
osed mainly of gaseous carbon dioxide (CO2 ) and
itrogen (N2 ). The interiors of Uranus and Nep-
Page 2 of 9
tune are mainly composed of a rocky (silicate/iron- 
nicke l) core in the center and icy mantle (water, am-
monia, and methane, along with traces of other hy- 
drocarbons, but not necessarily for these molecules). 
There are abundant ionic compounds and small 
molecules in the boundary of mantle-outer layer 
(Mars and Venus) and core-mantle (Uranus and 
Neptune) boundaries. Our investigations on struc- 
tures and physical properties of salt-SM hybrid com- 
pounds wi l l provide key information to the under- 
standing of the interior structure and dynamics of 
these planets. Especially, minerals and SM both ex- 
ist in a variety of ocean exoplanets’ interiors, namely 
salty high-pressure ice (NaCl-H2 O) [14 ,15 ]. 

To this end, we performed extensive structure 
searches to examine the possibility of forming hy- 
brid salt-SM materials under high pressure [16 ,17 ]. 
Our simulations uncovered a variety of stable NaCl- 
SM compounds with various compositions at a 
wide pressure range of up to 200 GPa. Among all 
predicted structures, NaCl(H2 )4 and NaCl(N2 )5 
compounds could be stable at pressures of 38 and 
36 GPa, respectively. Our current findings not only 
establish a new family of hybrid salt-SM compounds 
for further design and discovery of intriguing ma- 
terials, especially for the combination of inorganic 
compounds and small organic molecules under high 
pressure, but also provide crucial implications for 
the understanding of the interior of exoplanets. In 
addition, NaCl is often employed as a pressure- 
transmitting medium and thermal insulator in 
diamond anvi l cel l experiments due to its high 
compressibility, low strength, and limited chemical 
reactivity as well as its general ease of use. The 
present results also provide useful suggestions on 
the effectivity and the chemical limit of a solid NaCl 
pressure-transmitting medium. 

RESULTS AND DISCUSSION 

First, we conducted an extensive exploration on 
the high-pressure phase diagrams of NaCl-SM 

(SM = H2 , N2 , CO2 , NH3 , H2 O, CH4 ) hybrid 
compounds at high pressures by performing swarm- 
intelligence based CALYPSO [18 ,19 ] structure 
searches. The thermodynamic stability of NaCl-SM 

hybrid compounds is evaluated from their formation 
enthalpies relative to the dissociation products of 
NaCl + SM. In principle, NaCl-SMs are ternary 
compounds and may have a great amount of dif- 
ferent possible decomposition products. However, 
all structure searches show that there is no sign 
of SM dissociation at the pressures considered in 
this study, which allows us to treat SM as a single
reaction unit. On the other hand, NaCl has the 
most stable stoichiometry among all metal halides 
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Figure 1. Phase stabilities of various NaCl-SM hybrid compounds. Enthalpies of forma- 
tion of NaCl-SM (SM = H2 , N2 , CO2 , NH3 , H2 O, CH4 ) under several pressures. Dotted 
lines connect the data points, and solid lines denote the convex hull. 
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t ambient conditions and the high-pressure range
sed in this study [20 ,21 ]. Therefore, we reduce the
tability evaluation to a pseudo-binary reaction of
 NaCl + n SM → m NaCl (SM)n . For NaCl, the
nown body-centered cubic and face-centered cubic
tructures are considered in their corresponding
table pressure ranges. The phases of P 63 / mc , ε-N, I -
2 d , P21 21 2, Pbcm and Pnma are considered for H2 ,
2 , CO2 , NH3 , H2 O, and CH4 in their correspond-

ng pressure, respectively. As a consequence, our
imulations identified a series of hitherto unknown
aCl-SM (SM = H2 , N2 , CO2 , NH3 , H2 O, CH4 )
ybrid compounds under high pressure, as shown
n Fig. 1 . In this work, we take hybrid NaCl(H2 )4 
ompound as an example, since this structure is
redicted to become thermodynamically stable at
ub-megabar pressures of 38 GPa. 
As shown in Fig. 1 , at 20 GPa, NaClH2 is the

nly stable composition, but at a higher pressure of
00 GPa, both NaClH2 and NaCl(H2 )4 (contain-
ng four H2 molecules) ( Fig. S1) become stable.
s the pressure increases from 20 to 100 GPa,
he formation enthalpy of NaClH2 increases from
49 meV/atom to −192 meV/atom. These results
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indicate that pressure could significantly promote 
the formation of stable salt-H2 compounds with a 
higher H2 content. Besides, we also attempted to 
study other hybrid salt-H2 stabilities under high 
pressure, such as KI-H2 , RbI-H2 and RbBr-H2 
( Fig. S1). The stable pressure range of the hybrid 
salt-H2 compounds are summarized in Fig. S1d. It is 
remarkable that KI forms a hybrid compound with 
H2 at the lowest pressure of 1 GPa, and therefore 
the possibility of future experimentation is greatly 
stimulated. It is noted that the NaClHx compounds 
have been recently synthesized [22 ], in which 
our predicted NaClH2 with P 63 / mmc symmetry 
[23 ] agrees well with the structure observed in the
experiment ( Table S2 and Fig. S13). This greatly 
encourages us to study other NaCl-SM hybrid com- 
pounds, although our predicted NaCl(H2 )4 with 
Pm symmetry was not observed. We found that the 
hybrid salt-H2 compounds become less stable with 
increasing cation radius from NaCl to CsCl. In 
contrast to the trend of the cation, the increased 
size of the anion increases the stability of the hybrid
salt-H2 compounds. These results indicate that the 
difference in the sizes of the cation and the anion 
is a determining factor in the formation of stable 
hybrid compounds with H2 molecules, which nat- 
urally explains the reason for the ultra-low-pressure 
threshold of KI-H2 ( Fig. S1c). This offers an unex- 
pected prospect for the storage of hydrogen in the 
salt, and other similar ionic compounds. 

The above calculations fully include the effects of 
van der Waals (vdW) interactions and zero-point en- 
ergies (ZPE), which may play critical roles in deter- 
mining the stability of these predicted hydrogen-rich 
compounds. After considering these effects, the for- 
mation energies of the hybrid salt-H2 compounds re- 
main almost unchanged, while transition pressures 
of these compounds are slightly different from those 
without considering these effects. For example, the 
phase transition pressure for the Pc to P 63 / mmc
structures is 14.6 GPa as compared to the static lat-
tice PBE result of 16.5 GPa for NaClH2 ( Fig. S27), 
and the formation pressures of NaClH2 are 15.3 and 
17.4 GPa with and without vdW interactions, respec- 
tively. Once the ZPE is included, however, the for- 
mation pressure for NaClH2 becomes 19.7 GPa. 

Our structure searches reveal unique, and in 
many cases surprisingly simple, structural features 
for the salt-SM hybrid compounds. Depending 
on the concentration of H2 , our predicted struc- 
tures represent three different ways of inserting H2 
molecules into the lattices of the salt: at atomic sites
(Fig. 2 a, NaClH2 with P 63 / mmc symmetry), inside 
tubes (Fig. 2 b, NaI(H2 )2 with P 21 21 21 symmetry), 
and between layers (Fig. 2 c, NaBr(H2 )2 with Pmmn 
symmetry) with increasing hydrogen content. In 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
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Figure 2. Structures of salt-SM hybrid compounds. Three different ways of inserting SM molecules inside the lattices of the 
NaCl: at atomic sites in NaClH2 with P 63 / mmc symmetry at 20 GPa (a); inside tubes in NaI(H2 )2 with P 21 21 21 symmetry at 
50 GPa (b); and between layers in NaBr(H2 )2 with Pmmn symmetry at 30 GPa (c). (d) NaClN10 with C 2/ c symmetry at 50 GPa; 
(e) (NaCl)2 H2 O with C 2/ c symmetry at 300 GPa. The red, pink, grey, gold and green spheres represent O, H, N, Na and Cl 
atoms, respectively. 
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ddition to the study on thermodynamic stability of
hese predicted structures, we have also investigated
heir dynamic stability, and the results indicate most
f them are found to be recoverable when the pres-
ure is partially or completely released. For exam-
le, the phonon calculations reveal no imaginary vi-
rational modes for the NaClH2 in Pc phase ( Fig.
37a), KIH2 in the P 63 / mmc structure ( Fig. S14a),
nd RbI(H2 )2 in the Pmmn structure ( Fig. S14c) at
mbient conditions. 
We wi l l investigate the chemical interaction be-

ween SM and the ionic sublattices by various elec-
ronic structure analysis methods, including a rigid
and structure analysis, Bader’s quantum theory of
toms in molecules (QTAIM) [24 ], electron local-
zation functions (ELFs) [25 ], projected density of
tates (PDOS), and crystal orbital hamilton popula-
ion (COHP) [26 ]. Our study wi l l focus on NaCl-
2 compounds. The bonding features in all salt-SM
ompounds are quite similar. 
The band structure of NaClH2 at ambient pres-

ure shows a large energy band gap of nearly 5.6 eV
Fig. 3 a). This value is close to the NaCl band gap
Page 4 of 9
under ambient pressure. In order to verify the ef- 
fect of electroneutral H2 insertion on the electronic 
structure of the ionic sublattice, we also constructed 
a model system of NaClH0 , in which all the H2 
molecules are removed from the system. By com- 
paring the band structures of NaClH2 with NaClH0 , 
as shown in Fig. 3 a, the results show that the H2 
molecules do not significantly interfere with NaCl 
bands around the Fermi energy, which also sug- 
gests weak interactions between the H2 molecule 
and the ionic sublattice. Two groups of valence bands 
are heavily involved in H2 insertion in NaClH2 , 
the upper one ranges from the Fermi level (0 eV) 
to −2.5 eV, and the lower one ranges from about 
−4.9 eV to −7.1 eV. After checking the projected 
components, we found that the upper groups are 
mainly the Cl 3p orbitals, whereas the lower group 
are mainly the H 1s orbitals. The bands in the up-
per group correspond to the Cl 3p bands in NaClH0 
(dashed red lines). The insertion of H2 into the 
NaCl lattice alters these bands to a considerable 
amount due to the occupation of the interstitial 
sites surrounded by Cl− ions. On the other hand, 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
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Figure 3. Calculated electronic properties for NaClHn at various pressures. (a) The electronic band structure and PDOS of 
P 63 / mmc phase for NaClH2 at 20 GPa. In the left panel, the black solid lines are the electronic band structure of NaClH2 ; the 
red dashed lines are those of NaClH0 in which all the H2 molecules are removed from the NaClH2 structure. The black and 
red dashed lines show the Fermi energies of NaClH2 and NaClH0 . The right panel presents the projected DOS of NaClH2 . 
(b–d) The calculated ELFs of NaClH2 with P 63 / mmc phase at 20 GPa, NaCl(H2 )4 with Pm symmetry at 50 GPa, and NaCl(H2 )4 
with Cmmm symmetry at 100 GPa. (e) Calculated COHP and ICOHP of NaClH2 at 20 GPa. 
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he H2 bands only slightly overlap with Cl− and
a+ states, indicating a weak interaction. This fea-
ure wi l l be further proved by the following ELF
nd COHP calculations. Interestingly, the similar
and structure and PDOS in all the salt-(H2 )n 
nd other NaCl(SM)n systems ( Figs S18–S29) con-
rmed the weak interaction between NaCl and SM,
mplying the insertion nature of molecules in ionic
ompounds. 
The Bader QTAIM charge [24 ] calculations

 Table S1) support a model of NaCl ionic com-
ounds inserted by neutral H2 molecules. The Bader
harges on Na, Cl, and H atoms are found to be 0.88,
0.85, and 0.33 under 0 GPa, respectively. It is typ-

cal that the Bader charges are significantly smaller
han the nominal charges. For example, the Bader
harges of Na and Cl in NaCl crystal under 0 GPa are
.82 and −0.82. For the same reason, the small resid-
al charges found on H do not indicate the charge
ransfer between H2 and NaCl lattices. As a matter
f fact, the insertions of He into NaCl and elemen-
Page 5 of 9
tal Na also show a small charge of 0.83 under 50 GPa
and of 0.81 under 100 GPa. 

In conjunction with the Bader charge results, 
the ELF [25 ] calculations (Fig. 3 b–d) reveal that
inserted H2 molecules do not strongly bond with 
surrounding Na+ and Cl− ions. The ELFs of Pm 

phase at 50 GPa (Fig. 3 c) and Cmmm phases for
NaCl(H2 )4 at 100 GPa (Fig. 3 d) unambiguously 
show the same bonding nature of Na–Cl and H–H. 
The low ELF values between Na and Cl confirm the
ionic bonding nature (Fig. 3 b), whereas the high ELF
values between neighboring H atoms are in accor- 
dance with the fact that neighboring H atoms are 
covalently bonded and form H2 molecules. On the 
other hand, the low ELF values reveal very weak lo-
cal bonding between H2 molecular units and the sur- 
rounding ions in both compounds. Similar results 
are found for other salt-SM hybrid compounds pre- 
dicted in this work. 

To further examine the bonding strength, we cal- 
culated the COHPs [26 ] and the integrated COHPs 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
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ICOHP) between neighboring atoms in these com-
ounds. The results show the full occupation of the
–H bonding states and the empty H–H antibond-

ng states, revealing that the bonding feature of H2 
olecules is not largely influenced while inserted

nto the NaCl crystal (Fig. 3 e). For comparison, we
alculated the ICOHP values up to the Fermi level
or H–H pairs in NaCl-H2 compounds and in solid
ydrogen at various pressures. The ICOHP value of
2.9 pairs/eV of the H–H bond reveals the strength
f H–H in salt-H2 systems. This is also in conformity
ith the fact that the bond length (0.72 Å) of H2 in
alt-H2 is close to that (0.74 Å) in pure solid H2 . 
If the inserted molecules do not interact strongly

ith the surrounding ions, what mechanism drives
he formation of these unusual hybrid compounds
nder pressure? We thoroughly investigate the origin
f the thermodynamic stability of the salt-SM com-
ounds, starting from the split of the reaction en-
halpies of NaCl-H2 compounds as shown in Fig. 4 ,
H , into the internal energy changes �U and the
ressure-volume terms �PV. 
For NaClH2 , although �U is positive at low pres-

ure whereas �PV is negative, both terms decrease
ith increasing pressure, contributing to the contin-
Page 6 of 9
uous decrease of �H , leading therefore to the stabi- 
lization of the hybrid compound. In particular, the 
�PV term decreases much more significantly than 
�U , indicating that the formation of XY-H2 hybrid 
compounds is primarily driven by volume reduc- 
tion. For compounds with higher hydrogen compo- 
sition, such as NaCl(H2 )4 , the decrease in �PV is 
less significant. However, it sti l l makes major con- 
tributions to the reaction enthalpy and the stabiliza- 
tion of inserted compounds. It is worth noting that 
many recently predicted and synthesized metal hy- 
drides, such as NaHn [27 ], LiHn [28 ] etc , contain H2 
molecules in their crystal lattices. Many of these hy- 
drides can be viewed as XH-H2 hybrid compounds, 
further demonstrating that the small molecule inclu- 
sion is an extensive phenomenon under high pres- 
sure. 

Most other molecules, such as H2 O, NH3 , CH4 , 
and CO2 , behave simi larly to H2 whi le inserted 
into NaCl, i.e. they do not bond strongly with the 
neighboring Na+ and Cl− ions. In contrast, while 
searching low enthalpy structures of N2 -inserted 
NaCl, we found a striking phenomenon, namely, 
N2 molecules wi l l decompose in NaCl and form 

pentazolate anions (cyclo-N5 
−) (Fig. 2 d) inserted 

into the NaCl crystal at pressures ranging from 36 
to 83 GPa ( Fig. S16a). Calculated ICOHP values 
for the N–N bond at 50 GPa is −1.56 eV/pair, indi- 
cating that there is a strong covalent bond of N–N 

in cyclo-N5 
− units ( Fig. S16c). The Bader QTAIM 

calculations show charges of 0.86, 0.28, and −0.114 
for Na, Cl, and N atoms, which suggest a large 
charge transfer from Cl− to cyclo-N5 

−. Therefore, 
the formation of NaCl(N5 )2 is due to the oxidation 
of Cl− by cyclo-N5 

−. The band structure and PDOS 
of C 2/ c -NaCl(N5 )2 at 50 GPa ( Fig. S16b) show that 
the electron states of the cyclo-N5 

− contribute to 
both valence and conduction bands in a large energy 
range around the Fermi level and overlap with states 
of Na and Cl. Pentazolates are promising candidates 
for high-energy-density materials that do not release 
harmful products upon decomposition. However, its 
syntheses are hindered by low stability and usually 
involve additions of metal and organic stabilizers, 
forming complex structures. Our research shows 
that the commonly known ionic compounds such 
as NaCl that are easy to obtain and handle can be
used to react directly with N2 under pressure and 
produce compounds containing large compositions 
of pentazolate anions. As a matter of fact, the pre- 
dicted NaCl(N5 )2 structure has nearly 71% weight 
ratio of nitrogen in the form of cyclic N5 units. The 
ambient-pressure decomposition of NaCl(N5 )2 is 
estimated to possibly release 3.78 kJ·g−1 energy per 
NaCl(N5 )2 unit. Moreover, our molecular dynamics 
simulations confirm the metastable feature of this 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
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redicted structure at ambient conditions ( Fig. S17).
he present results may open a new avenue to dis-
over high-energy-density materials of polynitrogen
ompounds. 
Although the crystal structure search predicts

hat H2 O molecules insert in NaCl similarly to H2 ,
he potentially stronger interactions between the
2 O molecule and surrounding ions merit an in-
epth analysis of its electronic structure. As shown
n Fig. 1 and Fig. S16d, the predicted monoclinic
tructure of (NaCl)2 H2 O with Pnma symmetry
Fig. 2 e) can become stable at a high pressure of
02 GPa. Furthermore, the band structure and
DOS for the C 2/ c structure at 200 GPa ( Fig. S16e)
how that the entire energy range is dominated by
he bands of the Cl anion. A large band gap of nearly
.2 eV appears between the valence and conduction
ands. The calculated COHP ( Fig. S16f) clearly
hows that the O–H bonding states are occupied,
hereas the antibonding states are not. Corre-
pondingly, the ICOHP value with −1.0 eV/pair of
–H bonds supports the strong covalent nature of
–H covalent bonding in H2 O molecules. Despite
he stronger interactions with the surrounding ions,
2 O maintains its major molecular bonding features
hile inserted into NaCl. 
Our results provide an important piece of knowl-

dge for the understanding of the interior structure
nd dynamics of planets. Uranus and Neptune are
alled ‘ice giants’ in our solar system because they
ontain significant amounts of icy materials (mainly
2 O, CH4 , and NH3 ). In addition, abundant ionic
ompounds exist in the rocky layer of Mars, Venus,
ranus, and Neptune. It is widely accepted that most
xoplanets may assume similar multi-shell structures
onsisting of layers of molecular and ionic rocky
aterials. Thus, the molecule–rock interaction and

ts properties under pressure may govern the inter-
ayer structures of most intermediate-mass exoplan-
ts. While our study demonstrates that typical ionic
ompounds such as NaCl can react w ith ic y ma-
erials, the general chemistry it reveals can poten-
ially be extended to other compounds, including the
ock materials, such as binary and ternary oxides, in
he planet’s interior. Indeed, recent works uncovered
hat magnesium oxide–water compounds could be-
ome stable at high pressure and offered a renewed
nderstanding of planetary interiors [29 ]. 

ONCLUSIONS 

n conclusion, we demonstrate a unique chemi-
al phenomenon under pressure using the first-
rinciples calculations and the crystal structure
earch method: many covalently bonded molecules
an form stable compounds by mixing into ionic
Page 7 of 9
crystals while maintaining their molecular integrity. 
The phenomenon is manifested in many striking 
predictions. For example, H2 is predicted to react 
with NaCl to form NaClH2 and NaCl(H2 )4 at 20 
and 38 GPa pressures, respectively. A similar reac- 
tion could happen at a much lower pressure of 1 GPa
if H2 is inserted into potassium iodide (KI), which 
facilitates future experimental synthesis and appli- 
cations by bringing the reaction pressure down to 
the sub-GPa level. Similar insertions are also found 
for heteronuclear molecules such as H2 O, NH3 , and 
CH4 , despite whether the molecule is polar or non- 
polar. The crystal structure search also predicted the 
insertion of C2 H6 into NaCl under high pressure, 
indicating the wide range of the phenomenon and 
the possibility that large organic molecules might 
be chemically reserved inside the rocky interior of 
planets. Last, to our surprise, the most stable one 
among all molecules in this work, N2, is found to 
transform chemical ly whi le inserted into NaCl and 
become cyclo-N5 

− which oxidizes NaCl. This reac- 
tion could become a new route to synthesize and sta-
bilize pentazolates, green energy materials with high 
energy density. Our results suggest that the molec- 
ular and rock layers in the interiors of large plan-
ets may exhibit large regions in which the molecules 
and solid compounds diffuse into each other and are 
chemically mixed. 

METHODS 

Crystal structure prediction 

Our structure searching simulations are performed 
through the swarm-intelligence based CALYPSO 

method [18 ] via a global minimization of free en-
ergy surfaces merging ab initio total-energy calcula- 
tions as implemented in the CALYPSO code [19 ] 
and random structure searching as implemented in 
the AIRSS code [30 ,31 ]. These methods are spe-
cially designed for unbiased global structural opti- 
mization, and have been benchmarked on various 
known systems [31 –34 ]. 

Total energy calculations 
Total energy calculations were performed in the 
framework of density functional theory within the 
Perdew-Burke-Ernzerhof [35 ] parameterization of 
generalized gradient approximation [36 ] as imple- 
mented in the VASP (Vienna Ab Initio simulation 
package) code [37 ]. The projector-augmented wave 
(PAW) method [38 ] was adopted with the PAW 

potentials taken from the VASP library where d 
electrons are treated as valence electrons for alkali 
elements. The use of the plane-wave kinetic energy 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae016#supplementary-data
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utoff of 1200 eV (forH2 molecules) and 800 eV (for
H3 , H2 O, CH4 , CO2 , N2 molecules) and dense
-point sampling, adopted here, were shown to
ive excellent convergence of total energies (within
1 meV/atom). We explored the zero-point energy
ffects on the formation energy using the phonopy
ode [39 ]. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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