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Aquodiium (H40?"), an isoelectronic analog of the ammonium ion (NH}), can theoretically be formed by
combining a molecule of water (H,O) with two protons. However, stable aquodiium has never been reported
because of the high energy cost during the second protonation after hydronium (H;O™). Here, by performing
ab initio evolutionary structure searches combined with first-principles calculations, stable ionic phases, H4OF,
and H4OF, - HF, were predicted to be thermodynamically stable at high pressure. Analysis of bond lengths
and electron density supports the formation of aquodiium under pressure in these two phases. Moreover,
ab initio molecular dynamics simulations reveal that these ionic phases will enter the superionic states at lower
temperatures compared to water ice. For H4OF, - HF, there is a plastic phase region where aquodiium ions
exhibit free rotation. All aquodiium ions are fully preserved below 1000 K in these ionic phases, while after
entering the diffusion state, only the HyOF, phase keeps H;O?* ions. Our results suggest that pressure stabilizes
the H,O%" ion, presenting an important addition to traditional physical and chemical theories such as the valence

shell electron pair repulsion model, proton transfer, and acid-base theory.
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I. INTRODUCTION

H;0% (hydronium), the unique ion produced from water
ionization, is essential to maintain the acid-base balance of
water and plays a decisive role in many important physi-
cal, chemical, and biochemical processes. Actually, H;0"
has a lone electron pair on the O atom, which could attract
an additional proton to form H,0%*, which is isoelectronic
with methane (CH4) and ammonium ion (NH}) and has the
same sp> hybridization. Here we call the H403Jr ion aquodi-
ium by comparison with ammonium and hydronium ions. It
was first proposed that aquodiium might be present in some
gaseous excited ions or might exist as a transition state during
hydrogen-deuterium transfer [1,2]. However, no neutral stable
compounds containing aquodiium have been found, and the
closest analog is [(LAusO)]**, where L is the donor ligand
PAr; and Ar denotes aryl [3]. Aquodiium is the missing
piece in the picture of the series of tetrahedral molecules
and ions CHy — NH3(NH; ) — H,O(H;0%, H40**), so el-
egantly described by the valence shell electron pair repulsion
(VSEPR) model [4]. Due to the strong repulsion between
hydronium (H;0%) and H*, both of which have a positive
charge, it is difficult to protonate hydronium further. Besides,
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the small size of the oxygen atom makes the charge more
compact, and steric hindrance further destabilizes H,0%*.
Thermodynamically, the affinity of water to two protons can
be described by the energy difference E[H3;0"] + E[H'] —
E[H,0%*], which is highly negative at —60 kcal/mol, accord-
ing to theoretical estimates [5,6], implying that aquodiium
(H40?*) is unlikely to exist under mild conditions.

Pressure proved to be an effective tool for altering the
chemistry of the elements and it will trigger a series of reac-
tions that are near unthinkable at ambient pressure, resulting
in a series of exotic compounds [7,8], such as novel Na,Cl
and NaCl; [9], CsF, (n > 1) [10,11], and various noble gas
compounds [12-17]. The external pressure may offset the
electrostatic repulsion and stabilize H,O%*", and ice is the
simplest system possible to realize this iconic cation. At high
pressure, water ice exhibits complex structures and anomalous
properties [18-28]. Ice experimentally transforms into phase
X, anonmolecular crystal featuring symmetric hydrogen O-H
bonds under pressures above 68 GPa [18,19], and its struc-
ture can be viewed as a three-dimensional polymer of H,O
units that share hydrogen atoms. Interestingly, a partially ionic
phase (monoclinic P2, structure) consisting of alternating
layers of (OH)°~ and (H30)’* (§ = 0.62) in water ice was
predicted at zero temperature and pressures above 1400 GPa
[28]. The extreme pressure causes one H>O molecule to grab
a proton from another H,O molecule, completing the first
protonation and forming a stable ionic crystal. Yet at such
high pressures, there is still no sign of H;O>*. A favorable
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FIG. 1. Thermodynamic stability in the H,O-HF system. (a) Predicted convex hulls of the H,O-HF system at high pressures and zero
temperature. (b) Predicted Gibbs free energies of H,O-HF system at 100 GPa as a function of temperature. Stable structures (solid circles)
are located on the solid lines and unstable compounds (open circles) are located on the dashed lines. (c) Pressure-composition phase diagram.
Zero-point energy (ZPE) was included. Ice XI, ice VIII (/4,/acd), and ice X (Pn-3m) for H,O [18,31,32], as well as the Cmc2, and Cmcm
phases of HF [33,34], were considered to be the stable reactants over the calculated pressure range. Predicted ternary phase diagram and convex
hull (black line) based on the enthalpies of formation of compounds in the H-F-O system at (d) 80 GPa and (e) 150 GPa.

condition for forming H4O?* at a lower cost is to introduce a
surplus of H protons; i.e., H3O may be further protonated in
the presence of strong acids under extreme conditions. Here,
we report the formation of aquodiium induced by pressure in
the H, O-HF system.

II. RESULTS AND DISCUSSION

Possible stable compounds in the H,O-HF system were
explored using the variable-composition evolutionary algo-
rithm USPEX [29,30] at pressures of 50, 80, 100, 120, 150,
200, and 300 GPa. Here, the enthalpy of formation is defined
as AH = H[(H,0),_,(HF),] —(1-x)H(H,0)—xH(HF), and
stable compounds should have negative and lower formation
enthalpy (AH) than any isochemical phases or phase assem-
blages. Detailed methods are listed in Appendix A. Figure 1
shows the convex hull, Gibbs free energies, and pressure-
composition phase diagram. Zero-point energy (ZPE) was
also included in the calculation of the enthalpy of forma-
tion since this quantum nuclear effect can be important for
compounds of light atoms. Several thermodynamically stable
stoichiometries, such as H3;OF, H4OF,, and H;OF;, emerge in
the H,O-HF system at high pressures [Fig. 1(a)]; their lattice
parameters and atomic positions are listed in Appendix B
(Table I). As shown in Fig. 1(c), water ice and hydrogen fluo-
ride first react at a stoichiometric ratio giving 1:1 of H3OF at

zero pressure and this compound undergoes a transition from
the R3m phase to the Pmma phase at 36.5 GPa. As pressure
increases, newly predicted compounds, H4OF, and HsOF;,
become thermodynamically stable at pressures of 64.6 and
30.5 GPa, respectively, and remain stable to at least 200 GPa.
In the studied pressure range, each of these two compounds
has just one phase, and their symmetries are C2/c and P2,/m,
respectively. Remarkably, different compounds may coexist
in a wide range of pressures. For example, H3OF and HsOF3
compounds can coexist at pressures from 30.5 to 100 GPa; all
three compounds can coexist from 64.6 to 100 GPa; and when
pressure exceeds 100 GPa, H3;OF decomposes into H4OF, and
H;O0, leaving just H4OF, and HsOFj3 to coexist.

Since temperature has an important effect on structural
stability, we further investigated the effect of temperature
using the quasiharmonic approximation. At 100 GPa, HsOF;
is unstable with respect to decomposition into H4OF, and
HF at temperatures above 2500 K, and high temperature
does not destabilize H4OF,, which remains a thermody-
namically stable phase [Fig. 1(b)] at high pressures and
high temperatures. Additionally, considering that the decom-
position path of newly predicted compounds may extend
beyond H,O and HF, we investigated their thermody-
namic stability in a wider compositional space, i.e., the
H-F-O ternary composition space. In the ternary phase di-
agram, the enthalpies of formation with lower negative
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TABLE I. Crystal structures of the thermodynamically stable phases in the H,O-HF system.

Pressure Space Lattice Wyckoff positions
(GPa) group parameters (A) (fractional coordinates)
G bec—2774] H1: 3b (0.77734, 0.77734, 0.34660)
50 R3m IR '87 1578° F1: 1a (0.05960, 0.05960, 0.05960)
=p=y=81 0O1: 1a (0.56163, 0.56163, 0.56163)
H;O0F
a = 3.6856 H1: 4k (0.25000, 0.74895, 0.54072)
b =3.5316 H2: 2b (0.00000, 0.50000, 0.00000)
100 Pmma
¢ =2.7235 F1: 2e (0.25000, 0.00000, 0.24764)
a=B8=y =90° 0O1: 2f (0.25000, 0.50000, 0.75528)
H,OF, 150 C2/c a=3.7019 H1: 8f (—0.28438, —0.25802 —0.28141)
b =6.8762 H2: 8f (0.26510, —0.07143, 0.02142)
¢ =5.8667 F1: 4e (0.00000, 0.66273, 0.25000)
a=y =90° F2: 4e (0.00000, 0.99335, 0.25000)
B = 141.8172° O1: 4e (0.00000, 0.33604, 0.25000)
H;5OF; 150 P2y/m a =4.3575 H1: 4f (0.23068, 0.98592, 0.53711)
b=3.6129 H2: 2e (0.65971, 0.25000, 0.08046)
c=4.3676 H3: 2e (0.59222, 0.75000, 0.71454)
a=y=90° H4: 2e (0.94908, 0.25000, 0.87440)
B =118.1131° F1: 2e (0.15099, 0.25000, 0.33583)

F2: 2e (0.65906, 0.25000, 0.82125)
F3: 2e (0.83623, 0.75000, 0.15849)
O1: 2e (0.34177, 0.75000, 0.67417)

values are still concentrated on the line between H,O
and HF. Among them, H4OF, and Hs;OF; have strongly
negative enthalpies of formation and their thermodynamic
stability is protected [Figs. 1(d) and 1(e)]. The electronic
structures and lattice dynamics for the new predicted com-
pounds were examined. They all exhibit a wide direct band
gap, indicating their insulating character (see Fig. 8 in
Appendix B). The absence of any imaginary phonon frequen-
cies in the whole Brillouin zone demonstrates that they are all
dynamically stable (see Fig. 9 in Appendix B).

For the compound H3;OF, there are two ionic phases,
R3m and Pmma, consisting of H;O" ions and F~ ions (see
Appendix C). It is noteworthy that the discovery of new sta-
ble compounds is concentrated in the HF-rich region, which
provides a stable proton-rich environment for the emergence
of H,0>*. High pressure also favors this, because utiliza-
tion of the lone electron pair of the H;O" ion for bonding
with H* decreases volume. Figures 2(a) and 2(b) depict the
structures of the two phases at 150 GPa. Intriguingly, both
feature well-separated F~ and H4O%* ions at 150 GPa. In
H,4OF,, each O atom bonds to four H atoms to form H4O
units, and there are four F atoms coordinated near each H,O
unit, which are almost on the extension line of the O-H
bond. The O-H-F angle is nearly linear and varies from 160°
to 170° in the pressure range of stability of this phase. In
H;5OF;, the relationship between F and H4O units is similar
to H4OF,. HsOF; consists of three types of units, H,0%*,
HF, and F~. Thus, HsOF5 can be redefined as H4OF, - HF.
The electron localization function (ELF) [35] was calculated
to obtain further insight into the bonding patterns of these
phases. Figures 2(c) and 2(d) show the ELF (isosurface at
0.75) of H4OF, and H4OF, - HF, respectively, at 150 GPa, and
clearly illustrate the presence of discrete molecular ions. High

ELF (~0.9) between O and H atoms in the H4O unit indicates
strong covalent bonds (O-H) in both structures, while there
is no strong electronic localization between H4O units and F
atoms in H4OF, or H;OF, - HF.

Figure 3 shows the variation of the H-O distance (in the
H4O unit) and the H-F distance (between the H4O unit and
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FIG. 2. Crystal structures and electronic localization function of
H,OF, and H4OF, - HF. [(a), (¢)] H4OF, in a C2/c structure at
150 GPa. [(b), (d)] H4OF; - HF in a P2,/m structure at 150 GPa.
To clarify, a 1 x 2 x 1 supercell was used to display the structure of
H4OF, - HF and the isosurface plots at ELF = 0.75.
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FIG. 3. Bond lengths as a function of pressure. Schematic representations of proton transfer in (a) H4OF, and (d) H4OF, - HF from 30 to
150 GPa. The evolution of the H-O distance within the H,O unit and the H-F distance between the H,O unit and F atoms in [(b), (c)] H4OF,

and [(e), (f)] H4OF; - HF under pressure.

the coordinating F atoms) in these two compounds under
pressure. The low-pressure structure of H4OF,, as depicted
in Fig. 3(a), exhibits oxygen being surrounded by only two
H atoms (labeled Hs and Hy), representing the presence of
H,0 molecules, while the atoms labeled H; and H, belong to
the HF molecules. As pressure increases, there is a displace-
ment of H; and H, away from fluorine atoms towards oxygen
atoms. At approximately 50 GPa, an abrupt elongation of H-F
bonds and shrinkage of H-O bonds occurs, resulting in all H-O
bond lengths becoming shorter than the corresponding H-F
bond lengths. This phenomenon indicates the protons transfer
from the 2HF molecules to the HO molecules under pressure
[Figs. 3(a)-3(c)]. However, in the H4OF, - HF phase, the situ-
ation differs. At low pressure, the oxygen atom is surrounded
by three hydrogen atoms representing the H;O" ion (labeled
as Hy, Hi, and Hy), while only the hydrogen atom labeled as
H; belongs to the HF molecule. As pressure increases, only
the bonds between H;-O and H; -F; exhibit abnormal changes.
Specifically, proton transfer occurs from the HF molecule to
the H;0™ molecular ion under pressure. Once the pressure
exceeds 100 GPa, all of the H-O bonds become shorter than
the H-F bond length (excluding the HF dimer) [Figs. 3(d)—
3()]. After proton transfer is accomplished, all the O-H bonds
(~1.08 A at 100 GPa) also turn out to be significantly shorter
than the O-H bond length in ice X (~1.15 A at 100 GPa),
and the H-F bonds (~1.17 A at 100 GPa) are longer than the
H-F bond in the Cmcm-HF phase (~1.09 A at 100 GPa). The
emergence of the H4O unit is accompanied by intermolecular
proton transfer driven by pressure.

To further clarify the nature of chemical bonds under pres-
sure, we performed Bader topological analysis of electron
density [36], which has been successfully applied to the de-
termination of significant interactions through the values of
the charge density and its Laplacian at bond critical points.
A high value of electron density and its negative Laplacian

indicate a covalent bond. Increasing density and decreasing
Laplacians indicate that a covalent bond is getting stronger
[28,36]. As shown in Fig. 4, V2pg.0) (p.0)) in two com-
pounds share consistent (opposite) changes with bond length.
V2pm.0) (pm.0)) decrease (increase) with increasing pres-
sure, which indicates the accumulation of charge, that is, the
increase of covalence. Vzp(H_F) (p@-r)) shows an opposite
trend with pressure. Thus, the H-O bond in the H4O unit
has a highly negative value and is thus strongly covalent. In
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FIG. 4. Bond topological parameters as a function of pressure.
The value of topological parameters of Bond critical points in [(a),
(b)] H4OF; and [(c), (d)] H4OF, - HF as a function of pressure. p and
V2p are the charge density and its Laplacian at the corresponding
bond critical points, respectively.
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FIG. 5. Dynamical behavior of H,OF, and H,OF, - HF from AIMD simulations. Mean square displacements of the hydrogen, oxygen,
and fluorine atoms in [(a)-(c)] H4OF, (with a density of 3.77 g/cm?) and [(e)-(h)] H,OF, - HF (with a density of 4.03 g/cm?) at selected
temperatures. (d) The schematic of the atomic trajectories of H@H,O0** in H,OF, - HF phase at 750 K. The four hydrogen atoms in the H,O
unit are represented by different colors and the trajectories show free rotor behavior. For clarity we do not show the F atoms and the H@HF

atoms, which only oscillate around their equilibrium positions.

comparison, the V2 o-r) values for the H-F bond are close to
zero after the proton is transferred, showing ionic character.
Combined with the large constant charge transfer between the
H4O unit and F atom (see Appendix D), it can be inferred
that the H,O?* ion is stabilized by pressure. Specifically, for
H,4OF,; - HF, both V2 ptFdimer) and O(HFdimer) indicate the pres-
ence of discrete HF molecular units, which exhibit a stronger
covalent characteristic than H-O in the H4O unit.

Note that pure H,O and HF are known to show unique
physical states at high temperatures and high pressures. H,O
has a superionic phase boundary over 1500 K, persisting in
a very wide pressure range from about 50 GPa to several
hundred GPa [23,37—41]. For pure HF, it has been reported
that superionic state appears at 33 GPa at a temperature
of 900 K [42]. We decided to investigate the dynamical
properties of the predicted H;O%**-containing compounds at
high temperatures further, and performed ab initio molecular
dynamics (AIMD) simulations in the pressure range 70-250
GPa and temperatures in the range 0-5500 K. Each symbol
in Fig. 6 represents an AIMD simulation, in which the
state of matter is distinguished by analyzing mean square
displacements (MSDs). Taking the simulation of H4OF, (with
a density of 3.77 g/cm?) at 500 K as an example, the MSDs
of hydrogen, oxygen, and fluorine quickly level off after the
initial ballistic region and yield zero diffusion coefficients
for all atoms, indicating the characteristics of a normal
solid [Fig. 5(a)]; at 1500 K, hydrogen atoms start diffusing,
whereas oxygen and fluorine atoms still oscillate around
their equilibrium positions [Fig. 5(b)]. This is typical of the
superionic state in which some atoms rapidly diffuse (here,
only hydrogens possess nonzero diffusion constants) through
the lattice of the remaining species, as was seen in water
ice [23-27,37-41] and ammonia ice [23,43]. At 4250 K,
all sublattices melt, exhibiting fluidlike diffusive behavior
[Fig. 5(c)]. In the simulation of H4OF, - HF (with a density

of 4.03 g/cm?), the results are similar to the H4yOF, phase
at similar temperatures—normal state at 500 K [Fig. 5(e)],
superionic state at 1000 K [Fig. 5(g)], and fluid state at 4000
K [Fig. 5(h)], respectively. However, in the transition region
from normal to superionic state, there is a region where
H4O%* enters a plastic state at 750 K. As shown in Figs. 5(f)
and 5(d), the distribution of four hydrogen atoms around the
oxygen atom overlaps due to the rotation of the H4O unit. The
H,O%* ion shows similar behavior to ice [40], ammonia [43],
and methane [44] as a free rotor at certain P-T conditions, and
thus truly behaves as a discrete molecular ion. Meanwhile,
H@HF maintains solid-state behavior in the plastic state. The
phase classification of all the compounds was confirmed by
the calculations of diffusion coefficients compared to ice.

With such analysis, we established an approximate phase
boundary between the different states of the H, O-HF mixtures
in Fig. 6. Differences in H, O, and F melting temperatures
distinguish several regions in H4OF, and there is an additional
narrow region of plastic state in H4OF, - HF. Note that the
melting curve calculated by direct heating may be overesti-
mated due to the well-known overheating effect, and a more
accurate evaluation requires calculating free energy at finite
temperatures or using the two-phase approach. As shown in
Fig. 6, the hydrogen diffusion temperatures in the H,O-HF
system are generally lower than those of water ice [23,37-41],
indicating a weaker H-O interaction in H4O>*, although the
H-O bonds in H4O?* are shorter than in H,O. In H4OF, - HF,
the phase boundary of the superionic state also shifts down
significantly as the proportion of HF increases. The addition
of acidic molecules (the injection of more protons) will cause
hydrogen atoms to enter the superionic state at lower tem-
peratures. A similar situation also occurs in ammonia-water
mixtures [45-47].

To verify the thermal stability of aquodiium at high tem-
peratures, we tracked the changes in the coordination number
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FIG. 6. Pressure-temperature phase diagram. Phase diagram of
(a) H4OF, and (b) H4OF, - HF. Circles, diamonds, and squares rep-
resent the normal solid state, superionic hydrogen state, and fluid
state, respectively. In (b), triangles represent the plastic state. Phase
boundaries between different states are distinguished by black solid
lines and the isentropes for Uranus and Neptune [41,48] (dark purple
and dark blue dashed lines) as well as the phase boundary between
normal and superionic phases of water ice [41] (red solid line) are
also shown.

of hydrogen (oxygen) around oxygen (hydrogen) for two
structures in AIMD (Fig. 7). The N(O-H) and N(H-O) co-
ordination numbers are equal to 4 and 1 below 1000 K,
respectively, indicating H;O?* ions in both structures. At tem-
peratures above 1000 K, N(O-H) [N(H-O)] begin to decrease
and then converge to 3.75 (0.85) and 3.1 (0.8) for H4OF,
and H4OF, - HF, respectively (Fig. 7), implying that some of
the H;O%" ions are destroyed at high temperatures. Specif-
ically, in their superionic and fluid regions, most transient
fragments in H;OF, contain Hy;O?* species compared with
the H4OF, - HF phase. For H4OF,;, its N(O-H) is above 3.5
even in its fluid state, so more than half of H;O?** cations
persist even after the compound melts.

Given the high stability of aquodiium at high pres-
sures and high temperatures, here we discuss two possible

@) 45
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z ' |
8 4.0+ | : O-H
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Coordination number N

2 54
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FIG. 7. The integrated coordination number for O-H (O is the
central atom and H is the coordinating atom) and H-O (H is the cen-
tral atom and O is the coordinating atom) of H;O units in (a) H;OF,
and (b) H4OF, - HF as a function of temperature. The coordination
number N is defined as the integral of the radial distribution func-
tion g(r) from zero to its first minimum. Approximate boundaries
between different states are given by dashed lines.

scenarios of its survival conditions. As shown in Fig. 6, the
P-T boundary of the fluid is slightly higher than the isen-
tropes of Uranus or Neptune [48]. The aquodiium may exist
in acidic regions inside these icy giant planets and gives us
an insight that some minor elements, such as F, can greatly
change the behavior of proton transport and ice superion-
ization, which would affect the magnetic field and matter
cycle inside water-rich planets [49-51]. Interestingly, there
is a natural antipode of aquodiium—the “hydrogarnet defect”
[52-54] in some silicate garnets, well-known minerals. There,
Si atoms inside tetrahedral ions (SiO4)*~ are removed, and
the resulting charge of the vacancy (Vg;) is compensated by
protonating all four of the surrounding oxygen atoms, forming
four OH groups ((OH™),). To further highlight the difference,
the hydrogarnet defect appears in alkaline conditions, whereas
[H40]*" corresponds to acidic conditions. It is conceivable
that the aquodiium [H4OJ*" ion can also exist as a defect in
silicate minerals formed in strongly acidic conditions.
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At ambient pressure, many acids are much stronger than
HF, such as HBr, and are more powerful protonating agents.
This means that aquodiium ions could appear in other systems
at lower pressures. However, for the HBr-H,O system, this
does not happen: our calculations show no stable compounds
between H,O and HBr at pressures up to 300 GPa. Pressure
also seems to drastically affect the affinity to protons, just as
it can change the electron affinities of the atoms [55]. Further
research into the proton affinities at high pressure will be a
significant contribution to the fundamentally important theory
of acids and bases.

III. CONCLUSION

In summary, systematic searches in the H,O-HF system
yielded three stable compounds: H;OF, H4OF,, and H4OF, -
HF. As expected, in an acidic environment, the stable hy-
dronium solid easily forms at low temperatures, and further
increase of pressures forces H;0™ to overcome the repulsion
from H*, forming a new cation H;O?*, present in both H;OF,
and H4OF, - HF. Analysis of the proton transfer mechanism,
topology of electron density distribution, and Bader charges
confirm the existence of aquodiium in H4OF, and H4OF, -
HF. AIMD simulations and analysis of local coordination
confirm that, even at very high temperatures (correspond-
ing to superionic and fluid phases), most aquodiium ions
are preserved. Pressure-induced emergence of aquodiium is
fundamental for basic chemical theories such as the VSEPR
model, proton transfer, and acid-base theory.
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APPENDIX A: COMPUTATIONAL DETAILS

We used the variable-composition evolutionary algorithm
USPEX [29,30] to search for the crystal structure, and
variation operators such as heredity, lattice mutation, and
transmutation were used to ensure the diversity of composi-
tions and search efficiency. In the H,O-HF system, extensive
structure searches were severally performed at pressures of
50, 80, 100, 120, 150, 200, 300 GPa. Each search contained
up to 40 atoms per primitive cell and ran for 60 genera-
tions with 80 structures in every generation and all structures
were relaxed at given pressure and zero temperature. In addi-
tion, some lowest-enthalpy structures were further checked by
fixed-composition evolutionary searches. The H-F-O structure
searches at 80 and 150 GPa were subsequently executed and
each search contained up to 40 atoms per primitive cell and
ran for 30 generations with 120 structures in every generation.
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FIG. 8. Band structure of (a) C2/c H4OF, at 150 GPa, (b) P2,/m
H;OF; at 150 GPa, (c) R3m H;OF at 50 GPa, and (d) Pmma H;OF
at 100 GPa. Their DFT band gaps under corresponding pressure
are 11.64, 11.31, 8.69, and 10.40 eV, respectively, reflecting the
properties of insulators.

First-principles total-energy and electronic property calcu-
lations were carried out using density functional theory as
implemented in the VASP code [56], adopting the all-electron
projector-augmented wave [57] methods with 1s, 25 2p*, and
252 2p5 treated as valence electrons for H, O, and F, respec-
tively. In addition, the cutoff radii were chosen no greater than
1.4 bohrs for oxygen and fluorine, and 0.7 bohr for hydrogen.
The generalized gradient approximation with the functional
of Perdew, Burke, and Ernzerhof [58] was adopted to treat
the exchange-correlation energy. A cutoff energy of 1350
eV for the plane-wave expansion and fine Monkhorst-Pack
k meshes of 27 x 0.03 A~ were chosen to ensure energy
and force convergences better than 1077 eV and 1073 eV/A.
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FIG. 10. Crystal structures and ELF isosurfaces for [(a), (¢)] R3m
H;OF at 50 GPa and [(b), (d)] Pmma H;OF at 100 GPa. For clarity,
a2 x 2 x 1 supercell was used to display the layered characteristics
of Pmma H;OF and the ELF isosurface plots at 0.75.

Quasiharmonic free-energy calculations and phonon disper-
sion curves were computed using the PHONOPY [59] code.

AIMD simulations, implemented in VASP, were performed
at selected pressure with temperatures ranging from 500 to
6000 K. We used a simulation unit with 252 atoms for C2/c
H4OF, and 144 atoms for P2;/m H4OF, - HF, respectively.
A T'-centered k-point grid and cutoff energy of 1000 eV were
used to ensure energy convergence of better than 107 eV. The
canonical NVT ensemble was adopted with a Nosé-Hoover
thermostat [60], lasting for 10 ps (5-20 ps) with a time step
of 1 fs (0.5 fs) with temperatures below (higher than) 3000 K.
Data after the simulation reached equilibrium were extracted
to calculate averaged MSDs and integrated coordination
number (N).

A Bader analysis algorithm [61] and bond topological anal-
ysis were utilized by dealing with the total charge density of
the structure. All of these are based on the quantum theory
of atoms in molecules [36]. In this theory, the charge den-
sity distribution p(r) and its principal curvatures (the three
eigenvalues of the Hessian matrix) at the bond critical point
(BCP) reveal information about the type and properties of the
bond. The sign of the second derivative of the electron density
(Laplacian) value [V p(r)] at the BCP indicates concentration
(negative) or depletion (positive) of electron density.

The drawing of the crystal structure and ELF isosurfaces
were created using VESTA [62] software.

APPENDIX B: CRYSTAL STRUCTURE INFORMATION,
ELECTRON BAND STRUCTURE, AND PHONON
DISPERSION CURVE OF THE PREDICTED PHASE

In this appendix, we provide the crystal structure informa-
tion, electron band structure, and phonon dispersion curves

TABLE II. Bader charges for R3m (50 GPa) and Pmma
(100 GPa) phases of H;OF.

R3m Pmma
Atom
Charge (le]) 6 (le]) Charge (le]) & (le])
ol —1.121 —1.273
Hi +0.597 +0.681
)
R +0.605 +0.690 +0.681 +0.746
H3 +0.610 +0.657
P Fl —0.690 —0.690 —0.746 —0.746

for H3;OF, H4OF, and H5OFj3 as shown in Table I, Fig. 8, and
Fig. 9, respectively.

APPENDIX C: CRYSTAL STRUCTURES, ELECTRON
LOCALIZATION FUNCTION, AND CHARGE TRANSFER
OF THE H;OF COMPOUND

The H3;O0F compound has two phases. The R3m phase
consists of H3O and F units (Fig. 10), and charge transfer
reflects that this is a molecular ionic phase (Table II). As
pressure increases, the R3m phase transforms into the Pmma
phase [Fig. 1(c)], where neighboring H,O units share one H
atom to form a zigzag chain of H-sharing H3O units. In this
structure, layers of F~ ions alternate with chains of H;O™
ions (Fig. 10). The bridging O-H bond length is 1.137 A and
the apical O-H bond length is 1.056 A, shorter than the O-H
bond length in ice X (Pn-3m). The H-F bond length in the
stacking direction is 1.193 A and greater than the H-F bond

TABLE III. Bader charges in H4OF, and H,OF, - HF at selected
pressures.

Atom charge (|e|) Pressure (GPa)

100 200 300
HI +0.680  +0.695  +0.699
H2 +0.680  +0.695  +0.699
H3 +0.692  +0.701  +0.700
e H4 +0.692  +0.701  +0.700
H.OF 0 ~1.262 —1.294 —1.299
e F1 —0.739  —0.748  —0.748
)20) —0.745  —0.750  —0.751
H,0 +1.484  +1.498  +1.500
F —0.742  —0.749  —0.750
Hi +0.694  +0.705  +0.692
H2 +0.707  +0.714  +0.696
H3 +0.697  +0.701  +0.653
H4 +0.697  +0.701  +0.653
H5(H@HF) +0.732  +0.732  +0.698
P2,/m 0 —1.269 —1296 —1.202
H,OF, - HF F1 —0.748 —0.745 —0.720
F2 -0.733  —0.736  —0.721
F3(F@HF) —0.777 —0.776  —0.749
H,0 +1.526  +1.526  +1.492
F —0.741 —0.741 —0.721
HF dimer —0.045 —0.044  —0.052
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length in Cmcm HF. There is a large charge transfer between
the coupled layers (Table II).

APPENDIX D: CHARGE TRANSFER OF H4OF, AND H;O0F;

Table III shows Bader charges in two compounds at
selected pressures. The charge transfer is almost pressure
independent, resulting in approximately +1.5 charges for

H,O%* jons and —0.75 for F~ ions, while the HF molecules
remain nearly neutral. It should be noted that Bader charges
are usually notably smaller than the formal oxidation num-
bers, even for typical ionic crystals such as CsF (0.81 at 100
GPa), let alone for covalent or molecular compounds [10].
The large constant charge transfer after the formation of the
H,O unit reinforces that H;O** ions are well-defined units in
H4OF2 and H4OF2 - HF.
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