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Computational details 

Our structural prediction approach is based on a global minimization of free energy surfaces 

merging ab initio total-energy calculations through CALYPSO (Crystal structure AnaLYsis by 

Particle Swarm Optimization) methodology as implemented in its same-name CALYPSO code 1,2. 

The effectiveness of our CALYPSO method has been demonstrated by the successful applications 

in predicting high-pressure structures of various systems, ranging from elements to binary and 

ternary compounds1. Particularly, high-pressure structures of lithium 3, bismuth telluride 4, water ice 

5, calcium hydride 6, cage-like diamondoid nitrogen 7, and xenon-iron compounds8 were predicted, 

among which the high-pressure insulating Aba2-40 (Pearson symbol oC40) structure of lithium and 

the two low-pressure monoclinic structures of bismuth telluride were confirmed by independent 

experiments 9, guided by our theoretical predictions of the synthetic precursors, temperatures, 

pressure ranges and pathways corresponding to the stable structures. Ab Initio Random Structure 

Searching (AIRSS) 10 calculations were also employed to confirm some of our key structures, while 

some H-richer stoichiometries XYHn (n =12-20) were also considered in the AIRSS approach 10. 

Structure searches for hybrid compounds formed by NaCl and small molecules of NaClx(SM)y 

(x, y = 1-4) and alkali halides XY hydrides of XYHn (n = 1 – 20) with simulation cells ranging from 

one to four formula units were performed at up to 200 GPa. Each generation contained 50 structures, 

and structures in the first generation were produced randomly with symmetry constraints. All the 

generated structures are optimized to their local minima by using DFT calculations. Here, almost all 

geometrical optimization calculations are performed by using PAW potentials and VASP code 11 and 

CASTEP code12. During structure evolution, 60% of structures in the first generation with lower 

enthalpies are selected to produce the structures in the next generation by PSO. 40% of the structures 

in the new generation are randomly generated. A structure fingerprinting technique of bond 

characterization matrix is applied to produce structures, so that identical structures are strictly 

forbidden. These procedures significantly enhance the diversity of structures, which is crucial for 

the searching efficiency of algorithm. The local optimizations are performed by use of the conjugate 

gradients method and the criteria of the enthalpy change is 1 × 10-3 eV per atom. For most of the 

cases, the structure searches reach the convergence after 50 generations covering about 2500 

structures.  

Once we have the predicted structures at hand, we then optimized a number of low-enthalpy 

structures at a higher accuracy as a function of pressure using either VASP method. The plane wave 
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basis set was constructed using the energy cutoff of 1200 eV (for H2 molecule) and 800 eV (for NH3, 

H2O, CH4, CO2, N2 molecules) in all calculations, and the Brillouin zone was sampled with a k-

point resolution of 2π × 0.03 Å−1. This usually gives total enthalpies well converged within ~ 1 

meV/atom. The PAW potentials 13 are adopted in the VASP calculations. The exchange-correlation 

functional was described using Perdew–Burke–Ernzerhof 14 of generalized gradient approximation 

15.  

    Based on the analysis of a quantum mechanical observable, electronic density, while taking 

proper account of the influence of Pauli's exclusive principle, Becke and Edgecombe introduced the 

Electron Localization Function (ELF) 16 defined so as to have the convenient range of values 0 < 

ELF < 1. Regions in which the value of ELF is close to 0.5 or 1.0 correspond to perfect free-electron 

gas distribution or well-localized electrons, respectively. This approach leads to clear quantitative 

demarcation between covalent and non-covalent bonding. As a result, the ELF has been widely used 

to describe and visualize chemical bonds in molecules and solids. 

    The phonon calculations were carried out by using supercell approach 17 as implemented in the 

phonopy code 18. All structures of NaCl-SM compounds are demonstrated to be dynamically stable 

in their stable pressure ranges by phonon calculations.  

    The calculation of the electron population was performed using the Bader Charge Analysis 

code developed by the Henkelman group in the University of Texas at Austin.  
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Supplemental Figures 

 

Figure S1. Phase stabilities of various H-rich XY-H2 hybrid compounds. Enthalpies of formation of (a) 

NaCl-H2 under several pressures up to 100 GPa; (b) XY-H2 (X=Na, K, Rb, Cs; Y=I) under 20 GPa; (c) KY-

H2 (Y=Cl, Br, I) under 20 GPa. Dotted lines connect the data points, and solid lines denote the convex hull. 

(d) Predicted pressure-composition phase diagram of XY salt hydrides.  
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Figure S2. Enthalpies of formation of various H-rich NaBr hydrides under pressures. The dotted 

lines connect the data points, while the solid lines denote the convex hull. NaBrH2 is the most stable 

species for all pressures studied.  

 

 
Figure S3. Enthalpies of formation of various H-rich NaI hydrides under pressures. At P = 5 GPa, 

the Enthalpies of formation (hf) values of all stoichiometries are positive, and no stoichiometries can 

be stable. NaIH2 is the most stable at the pressure rang of 10-20 GPa.  
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Figure S4. Enthalpies of formation of various H-rich KCl hydrides under pressures. In the pressure 

range of 5-20 GPa, the Enthalpies of formation (hf) values of all stoichiometries are positive, and 

no stoichiometries can be stable. 

 

 

Figure S5. Enthalpies of formation of various H-rich KBr hydrides under pressures. KBrH2 is the 

most stable phase in the pressure range of 5-10 GPa, while KBrH8 turns out to be most stable at 20 

GPa.  
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Figure S6. Enthalpies of formation of various H-rich KI hydrides under pressures. KIH2 is the most 

stable phase at the pressures of 5 GPa, while KIH4 is the most stable phase in the pressure rang of 

20-50 GPa. At 20 GPa, KBrH2, KBrH4 and KBrH10 are three stable phases, while at 50 GPa, KBrH4 

and KBrH20 are stable.  

 

 

Figure S7. Enthalpies of formation of various H-rich RbY (Y are halogens) hydrides at 20 GPa. 

RbYH4 is the most stable phase at 20 GPa. The stable pressure of RbYH4 is reducing with increasing 

atomic number of the halogen elements. 
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Figure S8. Enthalpies of formation of various H-rich RbI hydrides under high pressure. RbIH12 is 

the most stable phase in the pressure range of 5-20 GPa.  

 

 
Figure S9. Enthalpies of formation of various H-rich CsY (Y are halogens) hydrides at 20 GPa. 

CsYH4 is the most stable phase at 20 GPa. The stable pressure of CsYH4 is reducing with increasing 

atomic number of the halogen elements. 
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Figure S10. Enthalpies of formation of various NaCl-NH3 compounds at 50 and 100 GPa. NaCl(NH3) 

is the most stable phase at 50 GPa. Besides NaCl(NH3), (NaCl)2(NH3) becomes most stable at 100 

GPa.  

 

Figure S11. Enthalpies of formation of various NaCl-CH4 compounds at 50 and 100 GPa. The 

formation enthalpies of all the stoichiometries are positive at 50 GPa, indicating they are all 

thermodynamically unstable at the pressure range of 0-50 GPa. NaCl(CH4)2 becomes stable at 100 

GPa. 
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Figure S12. Enthalpies of formation of various NaCl-CH4 compounds at 50, 100 and 200 GPa. The 

formation enthalpies of all the stoichiometries are positive at 50 and 100 GPa, indicating they are 

all thermodynamically unstable at the pressure range of 0-100 GPa. NaCl(CO2) becomes stable at 

200 GPa. 

 

Figure S13. The equation of state of NaCl(H2) and NaCl+H2. Volumes (Å3/f.u.) for the observed 

NaClHx, the predicted NaCl(H2) with P63/mmc symmetry, and NaCl+H2 vary with pressures. 
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Figure S14. Structures of XYHn compounds. Three different ways of inserting H2 molecules inside the 

lattices of the XY ions: at atomic sites in P63/mmc symmetry (a); inside tubes in XY(H2)2 with P212121 

symmetry (b); and between layers in XY(H2)2 with Pmmn symmetry (c), XY(H2)4 with Pm symmetry (d), 

XY(H2)6 with Immm symmetry (e); and between linear chains in XY(H2)10 with Fddd symmetry (f). The 

white, gold and green spheres represent H, alkali (Na, K, Rb, Cs) and halogen (Cl, Br, I) atoms, respectively. 

 

Figure S15. Structures of NaCl-SM compounds. Three different ways of inserting small molecules inside 

the lattices of the NaCl ions: NH3 molecules between layers in NaClNH3 with P-1 symmetry (a), NaCl(CH4)2 

with Aba2 symmetry (b), NaClCO2 with Cm symmetry (c); and NaCl(C2H6) with P1 symmetry (d). The 

brown blue, pink, red, gold and green spheres represent C, N, H, O, Na and Cl atoms, respectively. 
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Figure S16. Calculated formation enthalpy and electronic properties for NaCl(N5)2 and (NaCl)2H2O at 

high pressures. Calculated enthalpies as a function of pressure for NaCl(N5)2 (a) and (NaCl)2H2O (d) with 

respect to NaCl and SM. The calculated electronic band structure and PDOS for NaCl(N5)2 (b) and 

(NaCl)2H2O (e) at high pressures. Calculated COHP and ICHOP of N-N in NaCl(N5)2 (c) and H-O in 

(NaCl)2H2O (f) at high pressures. In Figure S16b, we have calculated the energy band structure and 

projected DOS of C2/c-NaCl(N5)2 at 50 GPa, the calculation results show that the entire energy 

range is mainly contributed by the N5 units. Calculated ICOHP values for the N-N bond at 50 GPa 

is -1.56 eV/pair indicated that there is a strong covalent bond between N-N in N5 unit (Figure S16c). 
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Figure S17. Enthalpy evolution during the molecular dynamics simulations at T = 0, 300, 500 

and 900 K and ambient pressure. After typically long simulation runs (10 ps for NaCl(N5)2), the 

structure remains stable without having any obvious structural changes. 

 

Figure S18. The electronic band structure and PDOS of P63/mmc phase for NaClH2 at 0 GPa. In the 

left panel, the black solid lines are 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 

line shows the Fermi energy of NaClH2 and NaClH0. The right panel presents the projected DOS of 

NaClH2. 
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Figure S19. The electronic band structure and PDOS of Cmmm phase for NaCl(H2)4 at 0 GPa. In 

the left panel, the black solid lines are electronic band structure of NaClH2; the red dashed lines are 

those of NaClH0 in which all the H2 molecules are removed from the NaCl(H2)4 structure. The black 

line shows the Fermi energy of NaClH2 and NaClH0. The right panel presents the projected DOS of 

NaClH2. 

 

Figure S20. The electronic band structure and PDOS of P63/mmc phase for KIH2 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure. The black dashed line shows the Fermi 

energy of KIH2. The right panel presents the projected DOS of KIH2. 
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Figure S21. The electronic band structure and PDOS of Pmmn phase for RbI(H2)2 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure of RbIH4; the red dashed lines are those 

of RbIH0 in which all the H2 molecules are removed from the RbI(H2)2 structure. The black line 

shows the Fermi energy of RbI(H2)2 and RbIH0. The right panel presents the projected DOS of 

RbIH4. 

 

 

Figure S22. The electronic band structure and PDOS of Immm phase for NaI(H2)6 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure. The black dashed line shows the Fermi 

energy of NaIH2. The right panel presents the projected DOS of NaI(H2)6. 
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Figure S23. The electronic band structure and PDOS of Cmmm phase for KBr(H2)4 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure. The black dashed line shows the Fermi 

energy of KBr(H2)4. The right panel presents the projected DOS of KBr(H2)4. 

 

 

Figure S24. The electronic band structure and PDOS of P63/mmc phase for NaBrH2 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure. The black dashed line shows the Fermi 

energy of NaBrH2. The right panel presents the projected DOS of NaBrH2. 
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Figure S25. The electronic band structure and PDOS of I41md phase for NaIH2 at 0 GPa. In the left 

panel, the black solid lines are electronic band structure. The black dashed line shows the Fermi 

energy of NaIH2. The right panel presents the projected DOS of NaBrH2. 

 

 

Figure S26. The electronic band structure and PDOS of P63/mmc phase for KBrH2 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure. The black dashed line shows the Fermi 

energy of KBrH2. The right panel presents the projected DOS of KBrH2. 
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Figure S27. The electronic band structure and PDOS of Pmmn phase for KIH4 at 0 GPa. In the left 

panel, the black solid lines are electronic band structure of KI(H2)2; The black line shows the Fermi 

energy of KI(H2)2. The right panel presents the projected DOS of KI(H2)2. 

 

 

Figure S28. The electronic band structure and PDOS of Pmmn phase for RbBr(H2)2 at 0 GPa. In the 

left panel, the black solid lines are electronic band structure of RbBr(H2)2; The black line shows the 

Fermi energy of RbBr(H2)2. The right panel presents the projected DOS of RbBr(H2)2. 
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Figure S29. The electronic band structure and PDOS of Pmmn phase for CsI(H2)2 at 20 GPa. In the 

left panel, the black solid lines are electronic band structure of CsIH4; The black line shows the 

Fermi energy of CsI(H2)2. The right panel presents the projected DOS of CsI(H2)2. 
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Figure S30. ELF plots for XY-H2 compounds. (a) Pc phase in (0 0 1) section for NaClH2 at 0 GPa. 

(b) Cmmm phase in (0 0 1) section for KBr(H2)4 at 20 GPa. (c) Cmcm phase in (0 0 1) section for 

KIH10 at 20 GPa. (d) P63/mmc phase in (0 0 1) section for KIH2 at 0 GPa. (e) Pmmn phase in (0 0 1) 

section for RbI(H2)2 at 0 GPa. 
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Figure S31. The calculated phonon dispersion curves of stable KIH2 at 0 GPa. The absence of 

imaginary frequency of KIH2 confirms their dynamic stabilities. 

 
Figure S32. The calculated phonon dispersion curves of stable KI(H2)2 at 0 GPa. The absence of 

imaginary frequency of KIH4 confirms their dynamic stabilities. 
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Figure S33. The calculated phonon dispersion curves of stable NaCl(H2)4 with Pm symmetry at 50 

GPa. The absence of imaginary frequency of NaCl(H2)4 confirms their dynamic stabilities. 

 

 

Figure S34. The calculated phonon dispersion curves of stable RbI(H2)2 at 0 GPa. The absence of 

imaginary frequency of RbI(H2)2 confirms their dynamic stabilities. 
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Figure S35. Structure (a), electronic band and PDOS (b), and phonon spectrum (c) of the P63/mmc 

phase of NaCl at 0 GPa. 
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Figure S36. The enthalpy difference of ABH2 compounds. The black and red dashed lines show 

the enthalpies of ABH2 and AB compounds + solid H2, respectively. 

 

 

Figure S37. Structures of the Pc phase of NaClH2 at 0 GPa (a), I41md phase of NaIH2 at 20 GPa 

(b), and Cmmm phase of NaCl(H2)4 at 80 GPa (c). 
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Supplemental Table 

 

Table S1 Calculated Bader charges of Na, Cl atoms and H2 molecule in NaClH2, NaCl(H2)4 and Na, 

Cl atoms and N2 molecule in NaClN2 and Na, Cl atoms and He molecule in NaClHe2. 

Phase 
Pressure 

(GPa) 

Atoms or 

molecule 
Charge value (e) 

Pc-NaClH2 0 Na 8.12 +0.88 

  Cl 7.85 -0.85 

  H2 2.03 +0.03 

P63/mmc-NaClH2 50 Na 8.18 +0.82 

  Cl 7.76 -0.76 

  H2 2.06 +0.06 

Pm-NaCl(H2)4 50 Na 8.16 +0.84 

  Cl 7.82 -0.81 

  H2 2.03 +0.03 

Cmcm-NaCl(H2)4 100 Na 8.20 +0.80 

  Cl 7.66 -0.66 

  H2 2.04 +0.04 

C2/m-NaCl(N2)5 100 Na 8.14 +0.86 

  Cl 6.72 +0.28 

  N2 10.228 -0.228 

P63/mmc-NaClHe2 50 Na 8.17 +0.83 

  Cl 7.78 -0.78 

  He 2.05 +0.05 

δ is the charge transfer from Na to Cl atom. 

 

Table S2. Calculated structural parameters of various NaCl-SM compounds. 

 Space 

group 

Lattice 

Parameters 

(Å, °) 

Atomic coordinates 

(fractional) 

Atoms     X          Y          Z 

NaCl-NH3  

(50 GPa) 

P-1 a=2.9729 

b=4.5090 

c=5.4062 

α=94.9611° 

β=105.4256° 

γ=107.9347° 

Na1(2i) 

Cl1(2i) 

N1(2i)  

H1(2i)  

H3(2i)  

H4(2i) 

0.45126 

0.78245 

0.90295 

0.10704 

0.35332 

0.11644 

0.09807 

0.68899 

0.23533 

0.42524 

0.69097 

0.22332 

0.80078  

0.86516  

0.57681  

0.71895  

0.53709  

0.46225 

NaCl-CO2 

( 200 GPa) 

Cm a=6.9097 

b=4.4917 

c=3.9517 

α=γ=90.0000° 

β=87.4171° 

Na1(4b) 

O3(4b)  

Cl1(2a) 

C2(2a)  

O2(2a)  

Cl2(2a) 

C1(2a) 

O1(2a) 

0.88460 

0.13847 

0.59216 

0.55019 

0.89569 

0.69428 

0.57424 

0.88053 

 0.30611 

 0.75107 

 0.50000 

 0.50000 

 0.50000 

-0.00000 

-0.00000 

-0.00000 

0.21618 

0.47667 

0.00373 

0.60887 

0.72062 

0.00666 

0.65017 

0.54923 
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(NaCl)2-H2O 

( 200 GPa) 

C2/c a = 6.76910 

b = 3.90920 

c = 9.46000 

α= γ=90.0000° 

β= 147.6514° 

Na1(8f)  

Cl1(8f) 

H1(8f) 

O1(4e) 

0.881810 

 0.541550 

 0.325390 

 0.500000 

0.620370 

 0.379440 

 0.058670 

 0.895960 

0.995860 

 0.646850 

0.685190 

 0.750000 

NaCl-H2 

( 0 GPa) 

Pc a=7.3829 

b=9.0376 

c=5.6347 

α=γ=90.0000° 

β=139.9604° 

Na1(2a) 

Na3(2a) 

Cl1(2a) 

Cl3(2a) 

H1(2a)  

H2(2a)  

H5(2a)  

H7(2a) 

-0.02167 

-0.52219 

-0.52178 

-0.02193 

-0.01941 

-0.51992 

-0.52348 

-0.02391 

0.35174 

0.85178 

0.82885 

0.32896 

0.03271 

0.46339 

0.46482 

0.96061 

0.38338 

-0.11691 

 0.38374 

 0.88352 

 0.18067 

 0.16628 

-0.40434 

 0.11000 

NaCl-H2 

( 20 GPa) 

P63mmc a=b=3.6291 

c=6.6315 

α=β=90.0000° 

γ=120.0000° 

Na1(2c) 

Cl1(2a) 

H1(2d)  

H2(0) 

0.666667 

0.000000 

0.666667 

0.333333 

0.333333 

0.000000 

0.333333 

0.666667 

0.750000 

0.000000 

0.250000 

0.750000 

NaBr-(H2)2  

(30 GPa) 

Pmmn a=3.0772 

b=4.4871 

c=4.2372 

α=β=γ=90.0000° 

Na1(2b) 

Br1(2a) 

H1(4e)  

H5(4e) 

0.00000 

0.00000 

0.50000 

0.00000 

0.50000  

0.00000  

0.67435  

0.73172 

-0.29206 

-0.11535 

-0.45225 

-0.69120 

NaCl-(H2)4  

(50 GPa) 

Pm a=4.1550 

b=3.1460  

c=4.1970 

α=γ=90.0000° 

β=118.9100° 

Na1(1b)  

Cl2(1b)  

H3(1b)   

H4(1b)   

H5(1a)   

H6(1a)   

H7(1a)   

H8(1a)   

H9(1a)   

H10(1a) 

0.267670 

-0.066140 

 0.670730 

 0.530230 

-0.084520 

-0.076920 

 0.532260 

 0.527720 

 0.350070 

 0.350070 

0.500000  

0.500000  

0.500000  

0.500000  

-0.000000 

-0.000000 

-0.000000 

-0.000000 

-0.000000 

-0.000000 

 0.663110  

 0.006510  

 0.450160  

 0.258980  

 0.406440 

 0.588050 

 0.021060 

 0.585980 

 0.017300 

 0.408580 

NaI-(H2)6  

(20 GPa) 

Immm a=9.4407 

b=4.6455 

c=3.5829 

α=β=γ=90.0000° 

H1(8n)   

H3(8n)   

H7(8n)   

Na1(2b)  

I1(2a) 

-0.33628 

-0.12343 

-0.28511 

-0.00000 

 0.00000 

-0.31549 

-0.41948 

 0.19295 

-0.50000 

 0.00000 

-0.00000 

 0.00000 

-0.00000 

-0.50000 

 0.00000 

NaCl-(N2)5  

( 100 GPa) 

C2/m a=8.1816 

b=6.2393 

c=5.5796 

α=γ=90.0000° 

N1(8j)  

N5(8j)  

Na1(2d) 

Cl1(2d) 

0.29102 

1.33337 

0.50000 

0.00000 

-0.32796 

-0.89504 

 0.00000 

 0.00000 

0.35078 

1.97267 

0.50000 

0.00000 
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β=139.5728° N7(4i) 1.14011 -0.00000 1.45849 
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