
S1 
 

Electronic Supplementary Information for: 

 
Crystal engineering the clathrate hydrate lattice with NH4F 
 
Kyuchul Shina,b, Igor L. Moudrakovski,a,c Mehdi Davari,d Saman Alavi, a,c  
Christopher I. Ratcliffe a,*, and John A. Ripmeester a 
 
a National Research Council of Canada, Ottawa, Ontario, Canada, K1A 0R6. 
b  Division of Ocean Systems Engineering, Korea Advanced Institute of Science and 
Technology, Daejeon, 305-701, Republic of Korea 
c Department of Chemistry, University of Ottawa, Ottawa, Canada K1N 6N5 

d Theoretical and Computational Biophysics Department, Max Planck Institute for 
Biophysical Chemistry, Am Fassberg 11, 37077 Göttingen, Germany 
 
 
 

Electronic Supplementary Material (ESI) for CrystEngComm
This journal is © The Royal Society of Chemistry 2013



S2 
 

1) PXRD Structural Data and Analysis. 

Table S1. Atomic coordinates and isotropic temperature factors for the Str. I pure Xe 

clathrate hydrate at 183 K. 
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Figure S1. (a) The PXRD pattern of the pure Xe clathrate hydrate at 183 K and the 

Rietveld refinement results (background subtracted Rwp = 15.4% and χ2 = 3.75). Tick 

marks indicate the Bragg positions for Str. I, cubic Pm-3n (top), and hexagonal ice, 

P63/mmc (bottom). The lattice parameter is 1.19072(2) nm for the Str. I hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.1826(4) 0.1826 0.1826 4.1(3) 1 16i 

Wa2 0 0.3078(5) 0.1206(5) 4.2(2) 1 24k 

Wa3 0 0.5 0.25 6.5(4) 1 6c 

Xe1 0.25 0.5 0 6.5(1) 1 6d 

Xe2 0 0 0 1.9(1) 0.99(1) 2a 
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Table S2. Atomic coordinates and isotropic temperature factors for the Str.I Xe clathrate 

hydrate with 7 mol% NH4F at 183 K. 
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Figure S2. (a) The PXRD pattern of the Xe clathrate hydrate with 7 mol% NH4F at 183 

K and the Rietveld refinement results (background subtracted Rwp = 11.4% and χ2 = 

2.22). Tick marks indicate the Bragg positions for Str. I, cubic Pm-3n (top), and 

hexagonal ice, P63/mmc (bottom). The lattice parameter is 1.18550(2) nm for the Str. I 

hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.1843(2) 0.1843 0.1843 5.5(2) 1 16i 

Wa2 0 0.3065(3) 0.1215(3) 5.7(2) 1 24k 

Wa3 0 0.5 0.25 5.8(2) 1 6c 

Xe1 0.25 0.5 0 7.5(1) 1 6d 

Xe2 0 0 0 2.5(1) 0.85(1) 2a 
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Table S3. Atomic coordinates and isotropic temperature factors for the Str. I Xe clathrate 

hydrate with 15 mol% NH4F at 183 K. 
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Figure S3. (a) The PXRD pattern of the Xe clathrate hydrate with 15 mol% NH4F at 183 

K and the Rietveld refinement results (background subtracted Rwp = 15.3% and χ2 = 

3.75). Tick marks indicate the Bragg positions for Str. I, cubic Pm-3n (top), and 

hexagonal ice, P63/mmc (bottom). The lattice parameter is 1.17958(3) nm for the Str. I 

hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.1841(3) 0.1841 0.1841 3.3(2) 1 16i 

Wa2 0 0.3064(4) 0.1194(3) 3.3(2) 1 24k 

Wa3 0 0.5 0.25 2.1(3) 1 6c 

Xe1 0.25 0.5 0 6.5(1) 0.99(1) 6d 

Xe2 0 0 0 4.3(2) 0.65(1) 2a 
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Table S4. Atomic coordinates and isotropic temperature factors for the Str. I Xe clathrate 

hydrate with 27 mol% NH4F at 183 K. 
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Figure S4. (a) The PXRD pattern of the Xe clathrate hydrate with 27 mol% NH4F at 183 

K and the Rietveld refinement results (background subtracted Rwp = 11.9% and χ2 = 

2.41). Tick marks indicate the Bragg positions for Str. I, cubic Pm-3n (top), and 

hexagonal ice, P63/mmc (bottom). The lattice parameter is 1.17634(2) nm for the Str. I 

hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.1844(2) 0.1844 0.1844 4.4(2) 1 16i 

Wa2 0 0.3077(3) 0.1205(3) 5.6(1) 1 24k 

Wa3 0 0.5 0.25 5.5(2) 1 6c 

Xe1 0.25 0.5 0 6.6(1) 1 6d 

Xe2 0 0 0 2.1(2) 0.83(1) 2a 
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Table S5. Atomic coordinates and isotropic temperature factors for the Str. II THF + Xe 

clathrate hydrate at 183 K. 
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Figure S5. (a) The PXRD pattern of the THF + Xe clathrate hydrate at 183 K and the 

Rietveld refinement results (background subtracted Rwp = 23.1% and χ2 = 9.79). Tick 

marks indicate the Bragg positions for Str. II, cubic Fd-3m (top), and hexagonal ice, 

P63/mmc (bottom). The lattice parameter is 1.72778(4) nm for the Str. II hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.125 0.125 0.125 6.4(0) 1 8a 

Wa2 0.2247(1) 0.2247 0.2247 18.5(7) 1 32e 

Wa3 0.1842(2) 0.1842 0.3735(2) 6.6(2) 1 96g 

OL1 0.0679 0.1081 0.6096 0.2(8) 0.0417 192i 

ML2 0.1009 0.1575 0.5524 0.2 0.0417 192i 

ML3 0.1007 0.1319 0.6815 0.2 0.0417 192i 

ML4 0.1052 0.2208 0.6777 0.2 0.0417 192i 

ML5 0.1044 0.2383 0.5896 0.2 0.0417 192i 

Xe1 0 0 0 2.9(1) 0.74(1) 16c 
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Table S6. Atomic coordinates and isotropic temperature factors for the Str. II THF + Xe 

clathrate hydrate with 7 mol% NH4F at 183 K. 
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Figure S6. (a) The PXRD pattern of the THF + Xe clathrate hydrate with 7 mol% NH4F 

at 183 K and the Rietveld refinement results (background subtracted Rwp = 21.2% and χ2 

= 3.93). Tick marks indicate the Bragg positions for Str. II, cubic Fd-3m phase. The 

lattice parameter is 1.72110(8) nm for the Str. II hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.125 0.125 0.125 5.2(4) 1 8a 

Wa2 0.2194(3) 0.2194 0.2194 8.8(5) 1 32e 

Wa3 0.1851(2) 0.1851 0.3731(2) 7.2(2) 1 96g 

OL1 0.1073 0.1174 0.5647 0.4(8) 0.0417 192i 

ML2 0.0534 0.1784 0.5496 0.4 0.0417 192i 

ML3 0.1658 0.1505 0.6131 0.4 0.0417 192i 

ML4 0.1227 0.2049 0.6695 0.4 0.0417 192i 

ML5 0.0455 0.2232 0.6266 0.4 0.0417 192i 

Xe1 0 0 0 4.0(1) 0.76(1) 16c 
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Table S7. Atomic coordinates and isotropic temperature factors for the Str. II THF + Xe 

clathrate hydrate with 15 mol% NH4F at 183 K. 

10 20 30 40 50 60 70 80 90 100 110

0

10000

20000

In
te
n
si
ty
 /
 c
o
u
n
ts

2 / o
 

Figure S7. (a) The PXRD pattern of the THF + Xe clathrate hydrate with 15 mol% NH4F 

at 183 K and the Rietveld refinement results (background subtracted Rwp = 20.3% and χ2 

= 6.50). Tick marks indicate the Bragg positions for Str. II, cubic Fd-3m phase. The 

lattice parameter is 1.71854(7) nm for the Str. II hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.125 0.125 0.125 2.6(4) 1 8a 

Wa2 0.2172(2) 0.2172 0.2172 4.6(4) 1 32e 

Wa3 0.1859(2) 0.1859 0.3724(2) 6.5(2) 1 96g 

OL1 0.1616 0.1563 0.5689 6.7(9) 0.0417 192i 

ML2 0.1343 0.0899 0.6102 6.7 0.0417 192i 

ML3 0.1553 0.2201 0.6214 6.7 0.0417 192i 

ML4 0.1791 0.1879 0.7015 6.7 0.0417 192i 

ML5 0.1657 0.0989 0.6935 6.7 0.0417 192i 

Xe1 0 0 0 3.9(1) 0.77(1) 16c 
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Table S8. Atomic coordinates and isotropic temperature factors for the Str. II THF + Xe 

clathrate hydrate with 25 mol% NH4F at 183 K. 
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Figure S8. (a) The PXRD pattern of the THF + Xe clathrate hydrate with 25 mol% NH4F 

at 183 K and the Rietveld refinement results (background subtracted Rwp = 19.4% and χ2 

= 7.58). Tick marks indicate the Bragg positions for Str. II, cubic Fd-3m phase. The 

lattice parameter is 1.71110(4) nm for the Str. II hydrate. 

Atom x y z B (Å2) g Site 

Wa1 0.125 0.125 0.125 5.0(4) 1 8a 

Wa2 0.2245(4) 0.2245 0.2245 17.1(6) 1 32e 

Wa3 0.1854(2) 0.1854 0.3716(2) 7.1(2) 1 96g 

OL1 0.6616 0.6127 0.6684 13.1(10) 0.0417 192i 

ML2 0.6065 0.5781 0.6164 13.1 0.0417 192i 

ML3 0.6473 0.6947 0.6653 13.1 0.0417 192i 

ML4 0.5579 0.7038 0.6607 13.1 0.0417 192i 

ML5 0.5300 0.6238 0.6283 13.1 0.0417 192i 

Xe1 0 0 0 3.6(1) 0.77(1) 16c 
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Figure S9. The relative cage volumes and Xe occupancies of the Str. I Xe hydrates  

doped with NH4F obtained from the Rietveld refinement results. 
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Figure S10. The relative cage volumes and Xe occupancies of the Str. II THF + Xe 

hydrates obtained from the Rietveld refinement results. 
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Figure S11. Estimated volumes of small cages in the Str. I Xe and Str. II THF + Xe 

clathrate hydrates doped with NH4F calculated from the Rietveld refinement results. 
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2) Ab initio calculations: 
i) Additional conformations  

 
 

 
 
 

Figure S12. (a) Small Str. I cage with NH4
+ in a cage site and F- in an adjacent cage. (b) 

Small Str.I cage with F- in a cage site and NH4
+ in an adjacent cage. 

 
 ii) Relative energies of NH4F in different configurations of the isolated cages  

Quantum chemical calculations show the configuration with the NH4F ions in the 

pentagonal faces shown in Fig. 4(d) of the paper, is 9.4 kcal·mol-1 lower in energy than 

the configuration with the NH4F ions in the hexagonal faces, Fig. 4(c). The energy of the 

other configurations with one of the NH4
+ and F- in a hexagonal face and the other in a 

pentagonal face shown in Figure S12 are considerably higher than the configurations with 

the ions in the purely hexagonal or pentagonal faces.  

 
 

 

(a) (b) 
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iii) Table S9.  

Calculated NMR chemical shifts (with respect to gas phase) for xenon in the Str. I small 

and large cages in the absence and presence of NH4OH dopant in different configurations.  

Str. I cage and NH4OH configuration  Chemical 

shift / ppm 

Small cage 

Small cage with NH4
+ and OH- in adjacent sites  

Small cage with NH4
+ in cage and OH- in neighbouring cage 

Small cage with OH- in cage and NH4
+ in neighbouring cage 

 

Large cage 

Large cage with NH4
+ and OH- adjacent in a hexagonal face  

Large cage with NH4
+ and OH- adjacent in a pentagonal face 

Large cage with NH4
+ in hexagonal and OH- in adjacent  pentagonal face 

Large cage with NH4
+ in pentagonal and OH- in adjacent hexagonal face 

 

Large cage with NH4
+ in the cage and OH- in neighbouring cage 

Large cage with OH- in the cage and NH4
+ in neighbouring cage 

257.0 

251.6 

259.9 

259.3 

 

121.0 

121.2 

121.7 

140.4 

139.9 

 

124.9 

119.3 

 

In the water environment in the presence of NH4F, a variety of small and large Str. I and 

Str. II cages with NH4
+, NH3, F-, H2O, OH-, and H3O

+ species may be potentially 

observed. These species are important since NH3 is a weak base and in water 

environments, NH4
+ can undergo a proton transfer reaction, 
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NH4
+ + H2O → NH3 + H3O

+,       (S1) 

to produce ammonia and the hydronium ion. Therefore, we might have combinations of 

NH3, H3O
+, and F- in cages at different sites. Hydrofluoric acid (HF) is a strong acid and 

we do not expect large concentrations of HF and OH- in the environment. Xenon 

chemical shift calculations with different possible ions and locations will remain for 

future work.   
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3) Table S10. Crystallographic O atom sites in Str. I and II clathrate hydrates. 
 

 
Wyckoff 

site 

Unit cell 

content 

Small 

cage 

Large 

cage 

Number of 

small cages 

Number of 

large cages 

 

Str. I 

k 24 12 12 
 

2 

 

6 
i 16 8 8 

c 6 - 4 

 

Str. II 

g 96 12 24 
 

16 

 

8 
e 32 6 4 

a 8 2 - 
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4) Methanol NH4F-H2O clathrates 
 

 

Figure S13. The PXRD patterns of the methanol clathrate hydrate with 27 mol% 

ammonium fluoride at 183, 213, 233 K. Tick marks indicate the Bragg positions for the 

Str. I hydrate (top) and the ammonium fluoride-ice solid solution (bottom). 
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Table S11. Atomic coordinates and isotropic temperature factors for methanol Str. I 

clathrate hydrate with 27 mol% ammonium fluoride at 183 K. 

 

 
Figure S14. The PXRD pattern of the mixture of CD3OH, 15 mol% NH4F, and H2O at 

150 K. Tick marks indicate the Bragg positions for the Str. I hydrate (top) and the 

hexagonal ammonium fluoride-ice solid solution (bottom). 

 

Atom x y Z B ( 2) g site 

Wa1 0.1838(1) 0.1838 0.1838 6.8(1) 1 16i 

Wa2 0 0.3107(2) 0.1195(1) 8.4(1) 1 24k 

Wa3 0 0.5 0.25 8.6(2) 1 6c 

ML1 1.0198 0.3180 0.4610 3.5(3) 0.125 48l 

OL2 0.9106 0.2666 0.4601 3.5 0.125 48l 

MS1 0.0183 0.0204 -0.0144 3.8(6) 0.0303(3) 48l 

OS2 -0.0148 -0.0599 0.0695 3.8 0.0303 48l 
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Table S12. Atomic point charges and Lennard-Jones parameters for H2O, NH4F, CH3OH, 

and Xe used in the MD simulations of NH4F-doped Str. I methanol clathrate hydrate.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Atom q / e σii / nm εii  / kJ·mol-1 

OW (H2O) 

HW (H2O) 

EE (H2O) 

FH (F-) 

NH (NH4
+) 

HN (NH4
+) 

ML (CH3OH) 

OL ( CH3OH ) 

HL ( CH3OH ) 

Xe (Xe) 

0.0 

+0.5200 

-1.0400 

-1.0000 

-0.4000 

+0.3500 

+0.2650 

-0.7000 

+0.4350 

0.0 

0.3153 

0.000 

0.000 

0.2997 

0.3250 

0.000 

0.3740 

0.3030 

0.000 

0.39235 

0.6485 

0.000 

0.000 

0.2092 

0.7113 

0.000 

0.8746 

0.7191 

0.000 

1.3891 

Electronic Supplementary Material (ESI) for CrystEngComm
This journal is © The Royal Society of Chemistry 2013



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


