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Figure S1. The refined PXRD pattern of N2 clathrates synthesized from (a) 15 mol% NH4F 

solution, (b) 20 mol% NH4F solution, and (c) 27 mol% NH4F solution at 150 bar and 243 K. 

Bragg ticks: (top) Pm-3n, (bottom) P63/mmc. Reliability factors (background corrected): (a) 

Rwp = 5.59%, χ2 = 2.99, (b) Rwp = 6.73%, χ2 = 4.26, (c) Rwp = 6.52%, χ2 = 3.87. 
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Figure S2. The refined PXRD pattern of N2 clathrates synthesized from (a) 5 mol% NH4F 

solution, (b) 10 mol% NH4F solution, (c) 15 mol% NH4F solution, and (d) 20 mol% NH4F 

solution at 280 bar and 243 K. Bragg ticks: (top) Pm-3n, (middle) Fd-3m for (a) (bottom) 

P63/mmc. Reliability factors (background corrected): (a) Rwp = 10.1%, χ2 = 7.95, (b) Rwp = 

10.6%, χ2 = 6.01, (c) Rwp = 12.7%, χ2 = 8.59, (d) Rwp = 9.83%, χ2 = 5.29. 
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Figure S3. The refined PXRD pattern of O2 clathrates synthesized from (a) 5 mol% NH4F 

solution, (b) 10 mol% NH4F solution, (c) 15 mol% NH4F solution, and (d) 20 mol% NH4F 

solution at 280 bar and 243 K. Bragg ticks: (top) Fd-3m, (bottom) P63/mmc. Reliability 

factors (background corrected): (a) Rwp = 12.8%, χ2 = 11.3, (b) Rwp = 12.5%, χ2 = 11.2, (c) 

Rwp = 12.1%, χ2 = 9.55, (d) Rwp = 12.2%, χ2 = 11.2. 
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Figure S4. The refined PXRD pattern of CH4 clathrates synthesized from (a) 5 mol% NH4F 

solution, (b) 10 mol% NH4F solution, (c) 15 mol% NH4F solution, and (d) 20 mol% NH4F 

solution at 280 bar and 243 K. Bragg ticks: (top) Pm-3n, (bottom) P63/mmc. Reliability 

factors (background corrected): (a) Rwp = 12.6%, χ2 = 12.9, (b) Rwp = 11.6%, χ2 = 8.61, (c) 

Rwp = 10.4%, χ2 = 8.22, (d) Rwp = 10.1%, χ2 = 7.40. 

 



S6 

 

Table S1. The intermolecular potential parameters for the united-atom TraPPE for methane1 

and the all-atom TraPPE for O2 and N2.
2,3 While not used in this work, these parameters give 

an indication of strength of van der Waals and electrostatic interactions of the guest 

molecules with the NH4-doped clathrate hydrate cages. 

 

Molecule Atom ε / K σ / Å q / e 

CH4 United atom 148 3.73 0.0 

O2 

O 

M 

49 

0.0 

3.020 

0.0 

-0.113 

0.226 

N2 

N 

M 

36 

0.0 

3.310 

0.0 

-0.482 

0.964 
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Table S2. Cage occupancies of each hydrate phase. Because the hydrate fractions of sII N2 

hydrates of 5 mol% NH4F solutions and of pure water (synthesized at 280 bar) were too small 

to be calculated from the refinement (red marks), these values were fixed during the Rietveld 

analysis. 

 

 

 

 

 

 

 

 

NH4F 

(mol%) 

N2(sI, L) 

(150 bar) 

N2(sI, S) 

(150 bar) 

N2(sI, L) 

(280 bar) 

N2(sI, S) 

(280 bar) 

O2(sII, L) 

(280 bar) 

O2(sII, S) 

(280 bar) 

CH4(sI, L) 

(280 bar) 

CH4(sI, S) 

(280 bar) 

0 1.0 1.0 1.0 1.0 1.0 0.90 1.0 1.0 

5 0.97 1.0 1.0 0.98 1.0 0.91 1.0 1.0 

10 0.97 0.97 1.0 0.98 1.0 0.89 1.0 1.0 

15 0.98 0.95 1.0 0.97 1.0 0.89 1.0 1.0 

20 0.98 0.97 1.0 0.99 1.0 0.88 1.0 1.0 

27 0.99 0.96 1.0 1.0 1.0 0.89 1.0 1.0 

NH4F 

(mol%) 

N2(sII, L) 

(150 bar) 

N2(sII, S) 

(150 bar) 

N2(sII, L) 

(280 bar) 

N2(sII, S) 

(280 bar) 

0 1.0 0.99 1.0 1.0 

5 1.0 1.0 1.0 1.0 

10 - - - - 

15 - - - - 

20 - - - - 

27 - - - - 


