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Ternary H-C-N compounds at high pressure featuring sp*-hybridized C-N networks
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Hydrogen, carbon, and nitrogen are amongst the most important light elements in the composition of the
solar system. They form the organic molecules and atmospheric components of many outer planets. Under the
extreme conditions within planets, exploring the H-C-N chemical space is central to understanding the abiotic
chemistry and interior structure of icy planets and moons. Here, based on effective crystal structure searches
and ab initio calculations, we report the ground state phase diagram of the H-C-N system at pressures up to
500 GPa. Two thermodynamically stable ternary compounds CH,N, and C,HNj are predicted to maintain their
stability up to the pressure of the mantle-core boundary of Neptune. Upon compression, both CH,N, and C, HNj3
benefit from the formation of a dense tetrahedrally connected network formed from sp* hybridized carbon and
nitrogen, supported by hydrogen bonding. The simplest possible compound, hydrogen cyanide HCN, is found
to be metastable. Amongst methane-ammonia mixtures, we identify five metastable compounds: (CH4),NH3,
CH4NHj3;, CH4(NH3),, CH4(NHj3)3, and CH4(NH3),4. Potential synthesis pathways for the metastable compounds
are provided for further discussion on the formation of mixtures based on simple molecules.
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I. INTRODUCTION

The chemistry of light elements including hydrogen-
carbon-nitrogen-oxygen dominates the material composition
of the solar system’s outer planets: from simple molecules
in interstellar medium, the planetary ices H,O, NH3, and
CH,4 coalesce inside ice giants Uranus and Neptune [1,2].
Deep inside their mantle regions, extreme high pressure and
high temperature (HPHT) conditions drive complex phase
transformation processes, characterized by the breaking and
rearrangement of chemical bonds and the formation of new
compounds. This determines planets’ interior structure and
potential stratification, influences transport properties such as
thermal conductivity (which affects present-day luminosity)
and electrical conductivity (which affects nondipolar mag-
netic field formation), and even allows for abiotic chemistry
to form complex organic molecules [3].

Computational structure searches can serve as an important
tool for efficiently exploring energetically relevant configu-
rations of compounds under extreme conditions, which can
form the basis of successful syntheses in subsequent experi-
ments [4-12]. For the quaternary H-C-N-O system, ab initio
structure searches revealed new stable phases under HPHT
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conditions, concluding that structural stability even at 5 Mbar
pressure is governed by balanced redox reactions and the octet
rule [13,14]. Such searches require first principles evaluation
of hundreds of thousands of candidate structures and have
therefore been restricted to few pressure points. Nonetheless,
based on stable configurations obtained from those searches,
ab initio simulations of thirteen H-C-N-O compounds have
established their P-T phase diagrams, highlighting superi-
onic behavior at high temperatures, where hydrogen ions
diffuse through stable sublattices and, upon further heating,
that several compounds transition into a “dual-superionic”
state with simultaneous diffusion of the smallest heavy nu-
clei and hydrogen [15]. Similar computational studies have
been performed on mixtures of small molecules rather than
elements (that is, some combination of H,O/NH3/CH4/H;
or similar), generally reporting superionicity and heavy-atom
reactivity [16-19], but should consider that the molecules
involved (like methane or ammonia [20,21]) can themselves
become unstable at extreme pressure conditions. That is
most straightforward to establish with structure searches of
complete elemental chemical spaces. At less extreme HPHT
conditions of 10-13 GPa and 1000-1400 K, extensive ab
initio molecular dynamic simulations revealed chemical reac-
tions between H,O, NH3, H,, and CO and further investigated
the possible formation pathways of key biomolecules related
to life [22].

The quaternary H-C-N-O system brings together several
smaller chemical spaces that are of intrinsic relevance. The
pressure evolution of structures, thermodynamics, and re-
action pathways in the binary systems C-H [20,23], C-N
[24,25], N-H [21,26], C-O [27,28], O-H [29,30], and N-O [31]
have been studied systematically. Meanwhile, research on the
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ternary systems is comparatively scarce: systematic structure
searches have been performed for H-C-O [32], H-N-O [33],
and C-N-O mixtures [34], but, surprisingly, not for H-C-N
phases. All three elements are abundant in the outer planets
of the solar system and their moons, serving as the foundation
for the formation of organic molecules (methane, ammonia,
and amino acids) and planetary atmospheres [35]. In the study
of the origin of life, hydrogen cyanide (HCN) holds a signif-
icant position. Its main component, polyimine, may exhibit
photochemical activity and structural diversity on the surface
of Titan [3]. The latest experiments indicate that nonpolar
small molecules (methane and ethane) can be inserted into the
HCN lattice at low temperature to form crystalline structures,
providing a new material basis for the geological evolution
and chemical processes on Titan [36].

However, computational surveys of thermodynamic sinks
for those elements are so far incomplete. Molecular struc-
ture searching has recently sampled C,,N,H; molecules as
relevant for interstellar space or planetary atmospheres [35].
Solid state studies of CH4-N, mixtures have predicted stable
polymers at moderate pressures, with CN,Hy and CN4H4
forming at approximately 11 and 41 GPa, respectively [37].
Meanwhile, high-pressure experiments are typically initiated
with molecular precursors. Horvath-Bordon et al. synthe-
sized the C,HN; compound in a defect wurtzite structure
from the single precursor dicyandiamide (C,N4H4) under
HPHT (T > 1700K, P > 27 GPa) conditions [38]. All car-
bon atoms in the compound were tetrahedrally coordinated
and the structure successfully recovered to ambient condi-
tion. Koller et al. conducted reactions using three different
precursors (malononitrile, dicyandiamide, and melamine) in a
laser-heated diamond anvil cell, synthesizing two compounds
with completely sp® hybridized carbon atoms, «-C(NH), and
B-C(NH), [39]. Alternative experimental routes by compress-
ing CH4 and N, in diamond anvil cells at room temperatures
reported the formation of two van der Waals compounds in-
stead, (CH4)sN, and (CH4)7(N>)g, above 7 GPa [40]. At much
higher pressures (P > 140 GPa) or temperatures (T > 670 K),
chemical reactions can be induced that involve the breaking of
the triple bond in N, and the dissociation of CHy, ultimately
generating H-C-N compounds, ammonia, long-chain hydro-
carbons, and powdered diamond.

The presence of species far away from their formation
conditions—van der Waals compounds at very high pressures
and, conversely, quenched network compounds at ambient
conditions—suggests a chemical system with many local en-
ergy minima, well separated by significant kinetic barriers. It
is therefore paramount to systematically unravel the structural
evolution behavior and stability origin of H-C-N compounds
under extreme conditions. Herein, we report a comprehensive
theoretical investigation of the H-C-N chemical space from
0 to 500 GPa, covering pressure conditions from planetary
atmospheres to those near the core-mantle boundary of Nep-
tune. We focus here on the cold state energetics, discuss
the C-H-N system’s main chemical transformation patterns,
and provide detailed phase diagrams at high pressure. High-
temperature properties, including phase stabilities, demixing,
and phase boundaries of superionic and fluid states, remain
topics for future work.

II. COMPUTATIONAL DETAILS

The structural database was initialized with the optimized
H-C-N-O structures at 500 GPa [41,42], which was origi-
nally generated with the AIRSS [43] and CALYPSO [44,45]
packages. Over 40000 structures in that data set are in the
H-C-N chemical space. Using the AIRSS code, a simple but
effective linear extrapolation of the enthalpy change (AH ~
ApVp) [43] is employed to rerank competitive structures at
other pressures p = py + Ap from 500 to 50 GPa at 50 GPa
intervals. All structures with enthalpies less than 1 eV/atom
from the ternary convex hull were retained as candidates.
Therefore, 30 to 45 different compositions including ele-
mentary, binary, and ternary compounds were prescreened
at each pressure point. An independent structural search for
H,C,N; ternary compounds was performed at 50 GPa with
the AIRSS package (x,y,z=1,...,4, up to 6 formula units
per cell and 1248 symmetry operations per structure), gener-
ating over 18 000 structures. All ternary compositions within
0.2 eV/atom of the search’s convex hull were selected as
candidate compositions and all structures with enthalpies no
higher than 0.2 eV/atom of the lowest enthalpy structure
were retained as potential candidate structures. Finally, we
conducted nine independent structural searches for specific
composition of CH,N,, C;HN3, and CHN at 50, 100, and
200 GPa by using CALYPSO, as well as another five struc-
tural searches for the methane-ammonia mixtures CH4NH3,
CH4(NH3)2, CH4(NH3)3, CH4(NH3)4, and (CH4)2NH3 at
50 GPa, generating in total another 9000 structures. This ap-
proach has demonstrated success in exploring a wide range of
high-pressure systems [14,46,47]. All structures known from
the literature which were not included in this data set were
manually added, such as the fully explored binary systems
and the experimental synthesized Cmc2;—C,HNj3 [20,21,23—
26,38,47-49]. All candidate compounds were reoptimized at
density functional theory (DFT) level using the Vienna ab
initio simulation package (VASP) software [50] in conjunc-
tion with the Perdew-Burke-Ernzerhof exchange-correlation
functional [51] and projector augmented-wave data sets [52]
that employed the 1s', 25?2p?, and 2s>2p* valence electrons
for H, C, and N, respectively. For full structural relaxations,
the plane wave cutoff energy was chosen as 910 eV and the
Brillouin zone sampling was done on regular K-point grids
with linear spacing of 0.2 (27 A)~!. The enthalpies from these
calculations were used to determine stable structures. Vi-
brational properties were calculated using density functional
perturbation theory in the PHONOPY code [53] to determine
the dynamic stability. Bader charge and crystal orbital Hamil-
ton population (COHP) analyses were performed using the
CRITIC2 and LOBSTER packages [54,55].

III. RESULTS AND DISCUSSIONS

We construct ternary phase diagrams within the pressure
range of 5-500 GPa by utilizing the formation enthalpies
relative to the most favorable structures of elemental C, N, and
H; to determine the energetic stability. The elemental phases
used for pure H, C, N are listed in Table S1 in Supplemental
Material (SM) [56].
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FIG. 1. Ternary phase diagram of the H-C-N system relative to H
[47], C [48], and N [49] at 50 GPa. Black (blue) circles denote stable
(metastable) compounds; solid black lines separate ternary decom-
position reactions. Color shading indicates compounds’ stabilization
relative to the elements; dashed black lines are isenthalpic contours.

Figure 1 illustrates the ternary phase diagram of the H-C-N
system at 50 GPa. The black icons denote stable com-
pounds, while the blue icons represent metastable compounds.
Amongst the binaries, we find NH, NHs, and NH; stable,
C2H6 (CH3), CH4, and (CH4)2(H2)3 (CH7), and C3N4 all
in agreement with the literature [20,57,58]. In addition, we
observe the presence of two thermodynamically stable ternary
structures, both along the C;N4—NHj; line: CH;N, and
C,HN3;. Along the CH4—NHj line, we identify five molecular
compounds with relatively low enthalpies compared to CHy
and NHj3. Except for CH; 6Ny, other compounds are all molec-
ular mixtures of methane and ammonia at 50 GPa. CH4NH3,
CH4(NH3)2, CH4(NH3)3, CH4(NH3)4, and (CH4)2NH3 with
corresponding relative enthalpies of 0.09, 0.34,0.31, 1.45, and
0.32 eV/f.u. are above the convex hull, respectively. Along
the NH-C line, we find an energetically metastable compound
HCN, which is 0.23 eV/f.u. higher in enthalpy than a de-
composition into C and CH;,N, at 50 GPa. Mixtures of CHy
and Ny, as previously explored computationally [37], are also
included in the data set, but are not stable in the full H-C-N
chemical space. The ternary phase diagrams for the rest of
the pressures (ranging from 5 to 45 GPa in increments of
5 GPa and from 50 to 500 GPa in increments of 50 GPa) are
presented in Fig. S1 in the SM [56]. Based on these results, we
derived the predicted ground state pressure-composition phase
diagram, depicted in Fig. 2. This diagram collects the thermo-
dynamically stable binary C-H, N-H, and C-N compounds,
as well as the ternary H-C-N compounds across the pressure
range of 5-500 GPa. CH;,N; is found thermodynamically
stable above 10 GPa, whereas C,HNj3 exhibits stability within
the pressure range of 13—500 GPa. The observed results of the
binary C-H, N-H, and C-N systems are generally consistent
with previous literature reports [20,21,23-26]. Both N-H and
C-H binary systems feature numerous stable compositions,
whereas only two C-N compounds, CN; (from 56 to 292 GPa)
and C3Ny4 (above 17 GPa), are found stable.
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FIG. 2. Predicted ground state pressure-composition phase dia-
gram of the ternary H-C-N system. Colored bars denote stability
regions of individual phases, labeled by space group.

For the C-H system, it is known that zero-point energies
and vibrational entropies can change phase stabilities drasti-
cally [20]. Here, we determined the thermodynamic stability
of nine stable phases at 35 GPa beyond the ground state, by
including zero-point effects and finite temperature entropy
within the harmonic approximation. Their effects are rela-
tively minor; see Fig. S2 in the SM [56]: all phases stable
in the ground state remain stable at the harmonic free energy
level and below the H, [59] and CH4 [60] melting tempera-
tures (which we take as an upper limit to apply the harmonic
approximation) only CH (at 200 K) and NH; (at 600 K)
are calculated to become unstable. Amongst the ternaries,
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FIG. 3. Relative enthalpies per formula unit and decomposition enthalpies as a function of pressure for (a), (b) CH,N, and (c), (d) C;HN3,

separating the 0-50 GPa (left) and 50-500 GPa (right) pressure ranges

we found that CH,N, will decompose into C;HN3 and NHj3
above 3100 K. This is consistent with the results of the HPHT
synthesis experiment [39], which utilized short laser heating
times of only 5 s and where the temperature gradients led
to the formation of C;HN3 in the hottest part of the sample,
while CH,;N, was formed in the cooler parts of the sample.
We find that C;HNj3 can remain stable up to a temperature
of 3600 K, while the decomposition into C + N + H becomes
more energetically favorable at higher temperatures. However,
it is unlikely that the harmonic approximation remains valid at
these temperatures, as superionic or fluid states are expected
to become relevant; the vibrational contribution discussed
here is a representative assessment, rather than a complete
investigation of the finite-temperature entropy over the entire
pressure range. The phase boundaries over the full pressure
range (0-500 GPa) remain primarily based on a static-lattice
level of theory.

Detailed enthalpy calculations for the two stable ternary
structures CH;N; and C,HN; in the pressure range of
0-500 GPa are shown in Fig. 3, which includes relevant de-
composition reactions as a function of pressure. The detailed
crystal structure information for the stable ternary compounds
is listed in Table S2 in the SM [56]. The phonon spectra
of the five stable ternary phases at 50, 100, and 300 GPa
are shown in Fig. S3 in the SM [56] and the absence of
imaginary frequencies confirms their dynamical stability. For
the ternary CH,;N,, the Fddd /P2,2,2, phase, which has been
experimentally observed [39], exhibits the lowest enthalpy
within the pressure range of 0-12 GPa. The Fddd/P2,2,2,
phase is represented by two space groups, reflecting the ex-
perimental assignment of F'ddd, with proton disorder, and the
DFT assignment of P2,22, with proton order. It comprises
interlinked C-N hexaazaadamantane building blocks, with all
C atoms tetrahedrally coordinated and all N atoms forming
N-H groups and two bonds to C atoms [39]. N-H - - - N hydro-
gen bonds (which allow for some N-H orientational disorder)
further stabilize the structure. The hydrogen-ordered P2,2,2,
model is shown here to be energetically competitive. Above
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12 GPa, the Fdd?2 structure becomes most stable, followed
above 85 GPa by the Pna2; structure. In the pressure range
of 150-500 GPa, the enthalpy values of the Fdd2 and Pna2,
structures are very close. Both structures also feature tetrahe-
drally coordinated, sp® hybridized carbon, plus N atoms that
form N-H groups and two N-C bonds, further supported by N-
H- - - N hydrogen bonds. The heavy atom lattice of the Fdd?2
structure has the topology of the B-cristobalite structure, al-
beit distorted due to the hydrogen bonding. When explicitly
considering the protons, this structure exhibits similarities to
diamond; however, the substitution of proton into carbon sites
breaks tetrahedral connectivity, as the protons are displaced
to effectively bond to nitrogen atoms (shown in Fig. 4). This
allows for interesting hydrogen-bond symmetrization changes
with increasing pressure (see also Figs. S4 and S5 in the
SM [56]): from 50 to 300 GPa, the hydrogen-bonded H- - - N
separation in the Fdd?2 phase progressively decreases from
1.65 A to 1.14 A, until it becomes comparable to the covalent
bond length of H-N, which in turn slightly expands from
1.03 to 1.12 A across the same pressure range, as shown in
Fig. S5(a) [56]. In the heavy atom network, at 50 GPa, the
N-C-N bond angles within the sp3-like CN, tetrahedra range
from 103.6° to 118.5°. Two CNy tetrahedra are interconnected
by sharing a nitrogen atom, resulting in a C-N-C bond angle
of 125°. All angles exhibit structural distortion compared to
the ideal 109.5° in diamond-like structures because of the N-H
groups and N-H - - - N hydrogen bonds. At a higher pressure of
500 GPa, the N-C-N bond angles within the CNy tetrahedra
range from 108.1° to 115.2°, while the C-N-C bond angle
becomes 109.3°. These changes coincide with the hydrogen
bond symmetrization, from N-H---N to buckled N—H—N
bonds. The high-pressure configuration overall moves much
closer to a ternary equivalent of the diamond structure.
Another ternary structure, C;HNj3, exhibits stability in the
pressure range of 13-500 GPa. Figures 3(c) and 3(d) reveal
that, within the pressure range of 13—85 GPa, the Cmc2; phase
is the energetically most favored structure. Then, the P1 phase
is most energetically stable between 85 and 190 GPa. For
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FIG. 4. Crystal structures and electron localization function isosurfaces (ELF = 0.80) of (a) Fdd2—CH;N, at 50 GPa, (b) Pna2,—CH,;N,
at 300 GPa, (c¢) Cmc2,—C,HNj3 at 50 GPa, (d) P1—-C,HNj3 at 100 GPa, and (e) P3,—C,HNj; at 300 GPa. Pink, blue, and brown spheres
represent H, N, and C atoms, respectively. Carbon coordination tetrahedra are highlighted.

pressures higher than 190 GPa, the P3, phase emerges as
the new stable structure. Similar to CH;Nj, the Cmc2, phase,
P1 phase, and the P3, phase of C;HNj3 consist of a sp’-like
hybridized C-N network. The Cmc2, phase adopts a defec-
tive wurtzite structure, which is derived from the hexagonal
lonsdaleite structure; it is the same structure that has been
synthesized under HPHT conditions [38,61]. The P1 phase
preserves the characteristic diamond-like connectivity. On the
other hand, the P3, phase exhibits a hexagonal diamond-like
structure, with hydrogen atoms replacing the positions of
carbon atoms. Due to the relatively small and light nature
of hydrogen, as in CH,;N,, it cannot perfectly balance the
neighboring C and N atoms, leading to slight structural dis-
tortions in C;HN3 compared to the ideal diamond structure.
The P3, phase of C;HNj3 also exhibits a tendency to approach
the diamond structure under high pressure, accompanied by
corresponding symmetrizations of the positions of hydrogen
atoms. As depicted in Fig. S4(b) in the SM [56], at 50 GPa
conventional N-H - - - N hydrogen bonds exist, with N-H dis-
tances of 1.03 and H---N distances of 1.66 A. As shown
in Fig. S4(b) in the SM [56], at 500 GPa, the H atom is
approximately in the middle of the two nitrogen atoms, with
distances of 1.08 and 1.13 A to the respective N atom (full
symmetrization is not expected by site symmetry).

Analyses of the electronic structure corroborate the struc-
tural picture. The electron localization function (ELF) results
for CH;N, and C,HN; (Figs. 4, S6, and S7 [56]) reveal
that all stable ternary structures exhibit the presence of sp’-
like hybridized C-4N units, in which strong covalent bonds
are formed between C and N. At low pressures (Fig. 4),
strong N-H bonds and the nitrogen lone pair are also very
clear. Meanwhile, pressure influences the charge transfer
among the elements within both CH,N, and C,HN3. Through
Bader’s topological analysis of the electron density, partial
atomic charges of the CH, N, —F dd?2 phase become more pro-
nounced from +0.43/ + 1.24/ — 1.05¢ for H/C/N at 0 GPa to
+0.52/ 4+ 2.04/ — 1.55¢ at 500 GPa. The main change occurs
in the amount of charge transfer between C and N. The charge
transfer in C;HN3—P3, also mainly occurs in C and N and
the charge of the N atom increases by about 0.5¢ at 500 GPa
compared to 0 GPa.

The crystal orbital Hamilton population (COHP) analysis
is based on the Hamiltonian matrix elements, which describe
the interaction between atomic orbitals in a crystal. By utiliz-
ing COHP analysis, the contribution of each pair of orbitals
to the total bonding in the crystal is quantified by calcu-
lating the overlap integral between them. We analyzed the
COHP projected on three distinct bond types: C-N, covalently
bonded N-HI1, and hydrogen-bonded N-H2 (see Fig. S4 in
the SM [56]), and depicted their negative integrated COHP
(-ICOHP) as a function of pressure, shown in Fig. S5 in the
SM [56], and the COHP for representative pressures in
Fig. 5. At 0 GPa, the -ICOHP value for the N-H1 bond in
CH,N,—Fdd?2 is 8.39 eV/atom pair, whereas the value for
N-H2 is 0.55 eV/atom pair, confirming typical values for
covalent (N-H1) and hydrogen bonds (N-H2). As pressure
increases, and structural symmetrization occurs, the ICOHP
values for N-H1 and N-H2 gradually converge as well and
become very similar around 300 GPa: at that point, the bond
strengths of N-H1 and N-H2 are 6.31 eV/atom pair and 5.55
eV/atom pair, respectively. Figures 5(a) and 5(b) show the
negative projected COHP (-pCOHP) of CH,N,—Fdd2 at 50
and 300 GPa, respectively. While at 50 GPa the N-H2 hy-
drogen bond hardly exhibits any bonding contributions, at
300 GPa the pCOHP contribution of N-H2 is almost identical
to that of N-H1. At that pressure, the N atom lone pair is ac-
tivated to participate in symmetric N—H—N bonding and N
atoms form sp>-like bonds with the surrounding two C atoms
and two H atoms. The absence of antibonding states below
the Fermi level for all nearest-neighbor interactions signifies
the continued stability of the structure under pressure. The
electronic band gap of CH,N, —Fdd?2 (likely underestimated)
undergoes a substantial decrease from 5.05 eV to 3.25 eV
from O to 150 GPa but remains relatively stable beyond that,
maintaining a range of 3.25 t0 2.94 eV at 500 GPa (see Fig. S8
in the SM [56]), preserving insulating character to the highest
pressures studied.

Equivalent analysis for P3,—C,HN3 is shown in Fig. S5(d)
[56] and Figs. 5(c) and 5(d) and reveals that the -ICOHP
values for covalent H-N1 and hydrogen-bonded H-N2 bonds
evolve similarly, from initially 8.34 and 0.72 eV/atom pair
(0 GPa) to 6.55 and 5.31 eV/atom pair (450 GPa), respectively,
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FIG. 5. Electronic partial density of states (DOS) and COHP analysis for (a) Fdd2—CH,N, at 50 GPa, (b) Fdd2—CH;,N, at 300 GPa,
(c) P3,—C,HNj; at 50 GPa, and (d) P3,—C,HN; at 500 GPa. All energies are relative to the respective valence band maximum.

again consistent with the results of the structural analysis.
Furthermore, C;HN3 behaves as an insulator throughout the
pressure range of 0-500 GPa. As shown in Fig. S9 [56], the
energy gap of C,HNj3 initially increases from O to 100 GPa,
rising from 4.15 to 4.52 eV, followed by a decrease to 3.95 eV
at 500 GPa.

Through our structure search, we have also identified sev-
eral types of metastable compounds, which we define as
low-energy structures that are nonetheless above the con-
vex hull. The Bell-Evans-Polanyi principle implies that such
compounds should have low barriers towards interconversion
from the stable compounds and vice versa. These compounds
include explicit searches for mixtures of CHs and NHj,
such as (CH4 )2NH3, CH4NH3, CH4(NH3 )2, CH4(NH3)3, and
CH4(NH3)4, which are shown in Fig. S10 and Table S3 in the
SM [56]. The phonon spectra of CHN and five CH,—NH3
mixtures at 50 and 500 GPa are shown in Fig. S11 in the
SM [56] and the absence of imaginary frequencies confirms
their dynamical stability. Their energetic instability is not
necessarily a sign they could not form: in methane hydrates,
mixtures of CHy and H,O, the high-pressure phase MH-IV
is observed up to 150 GPa, despite being unstable against
decomposition into CH4 and H,O [62]. Here, at the pressure
of 50 GPa, except for CHsNy4, other compounds (as shown
in Fig. S10 [56]) are all molecular mixtures of CH4 and NH3,
as well as H, pairs and free hydrogen. Upon compression, in
some compounds CH, and NH3 will combine with each other
to form longer chain molecules such as H,=C=C=H, or
H,=C=N = Hs, as well as H, pairs and free hydrogen. These
chain-like configurations persist up to the highest pressure
of 500 GPa. Notably, as the pressure increases, some NHj

units start to combine with each other. The pressure-induced
formation of these molecules is expected, if not necessarily
in those specific compositions and unit cells. This is similar
to what is seen in some N,—CHy compounds [37]; these,
likewise, do not form part of the convex hull in the full H-C-N
space, but can form metastable van der Waals compounds
that do not decompose up to 140 GPa [40]. At that point,
chemical reactions take place to form amines, which agrees
with the predictions [37]. A final noteworthy metastable
compound is HCN. Unlike the mixtures of CH; and NH3,
HCN is (at the highest pressures) a layered compound built
around tetrahedrally coordinated C,=C=N, units. As shown
in Fig. S12 [56], its structure is very similar to the high-
pressure CH,N,—C?2/c phase, with each layer consisting of
interconnected tetrahedra of C and N atoms; in fact, such
layered motifs are also seen for high-pressure ice, albeit only
in a metallic phase stable around 5 TPa [63].

To further investigate the stability trends of these
metastable structures with pressure, we tracked their distance
from the enthalpy convex hull of the ternary system as shown
in Figs. S13 and S14 [56]. Our analysis revealed that the
AH value of HCN remains approximately at 0.25 eV/atom
above the hull across the entire pressure range. However,
the AH values of molecular CH;—NH; mixtures tend to
increase with pressure, especially for ammonia-rich phases,
suggesting the increasing difficulty of stabilizing these mix-
tures in high-pressure environments. We also summarized
the relevant synthetic routes (or decomposition reactions)
for these ternary compounds, based on the nearest low en-
thalpy compounds, as presented in Table S4 [56]. Up to
50 GPa, the most likely synthetic route for the CH4—NHj3
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mixtures is nCHy4 + mNH;3. Beyond 50 GPa, as CH4 becomes
unstable, the ternary compounds may be synthesized from
binary compounds such as CH,, C,Hs, CH3, NH3, NH4, NH7,
and elemental C and H. This observation indicates that in
higher-pressure environments, it becomes challenging to iden-
tify stable compounds within the NH3 + CHy4 configuration.
Molecular ammonia-methane mixtures are instead expected
to separate into long-chain hydrocarbons (here, polyethy-
lene CH;), ammonia host-guest compounds [NH,4, which is
(NHj3),H;], and excess hydrogen (for methane-rich) or dia-
mond (for ammonia-rich mixtures).

IV. CONCLUSIONS

We explored the composition space of H-C-N under a
wide pressure range of 0-500 GPa using first-principles cal-
culations. Based on comprehensive structural searches, we
determined the ground state phase diagrams of binary and
ternary compounds composed of H, C, and N, which captures
an important chemical space of light elements in oxygen-
deprived conditions. Among the predicted binary phases,
C3Ny4, CHy, and NHj; are energetically favorable. Along
the C3N4;—NHj; line, CH,N, and C,HN3; were confirmed
to keep thermodynamic stability almost throughout the en-
tire range of pressure. With increasing pressure, a dense
sp’ hybridized covalent network was formed in both CH,N,
and C,HNj3, making them resemble diamond-like structures.
Both compounds benefit from N-H---N hydrogen bond-
ing, which at high pressures converts into quasisymmetric
N—H—N bonds. These stable compounds agree with ex-
perimental synthesis reports [38,39]. HCN, with the simplest
chemical composition, is found as a metastable compound.
CH;—N, molecular mixtures are not stable within the full
H-C-N composition space, but can be observed metastably
from molecular precursors, highlighting the role of reaction
barriers in this system [37,40]. CH4—NHj3 molecular mixtures

are of particular interest, because methane and ammonia are
key chemical components of outer planets and their moons.
Indeed, five metastable compounds, (CH4),NH3;, CH4NHj3,
CH4(NH3),, CH4(NHj3)3, and CH4(NH3)4, were predicted.
However, according to formation enthalpy calculations, syn-
thesizing stable compounds through the nNH; + mCHy
pathway is predicted to be challenging under high-pressure
conditions. Elevated temperatures, as present under realistic
planetary-interior conditions and during laser-heating HPHT
synthesis efforts, will introduce thermally excited (superionic
or fluid) states and further affect relative Gibbs free ener-
gies and therefore miscibilities and phase stabilities; ab initio
molecular dynamics or free energy calculations will be needed
to quantify those effects.
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