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Structure |

Cubic = Pm3n
a~121A

16 Structure Il

Cubic — Fd3m
a~17.2A

512 \
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435663

Structure H
Hexagonal — P6/mmm
a~122A c~10.1A

51268

7t SHO|E2{|0|EQ| £ - Strobel et al, Chemical Physics Letter 478 (2009) 97-109
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E 280 A0|tL A 728 = FEet 389 7| 2 A2SGUS HSo| 2O ZelotRiT
712 StO|E&i|0| £ AR 2 S O|F= 28 A (host), O1F | G EH S50 A=
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2t ARYH =209 ZF2} F7|- Sloan and Koh, Clathrate Hydrates of Natural Gases, 3rd ed., 2008

crystal system bOdygiiTsered diamond cubic hexagonal
. small large small large small medium large
cawty of structure 5 12 5 |2922 5 12 5 |2g64 5 12 435663 5 I2g68
No. of cavities /
unit cell (A) 2 6 16 8 3 2 |
average
cavity radius (A) 3.95 433 391 473 3.94 4.04 579
No. of water 20 24 20 28 20 20 36
molecules/cavity
lattice parameter (A) 12.1 7.2 122/ 10.1
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A —] Cavitios
Occupied
No Hydrates
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4A —— Kr 5 23H0 52451264
— N Sy
- g;n 777777
—— Xe;H,S
§+4'%¢
sA L o, 534HLO S;
| en OO
L oCH, 7300 5';16’
A——1—wmo
— CsHy
—— iso-C,H,, 17 HO 5132:4
A 777777
— n-C/H,,
H hydrate
8A

2| 22| 27|12t MHE|= 7tA 50| E20|E F£2R 21| &2 - Sloan and Koh,
Clathrate Hydrates of Natural Gases, 3rd ed., 2008
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o2 T 0|4 575 FEIOIME 5.670/Ct) O HSEEE U 4 QL= X So|=ao|=

P29) 85 molis SO0j2ts E0|SITE 2R HO| 39, 5 ER0| HAHSO| M | £2 255

UHF| MRUCED otH Al 29| 5 282 0.857} EICt 50| =240 E Q| nostoichiometric E42
2 QI5to] 22| 2 252 AL 0.85 0]40] EICY.

=2 22| &H2Z 0I5l 510|=2{|0|EQ| 240| E52| At L0t Hol7t 7| =7t St
NS Z4HEL Hl g 4 QUL Davidson2 0218t B|WE 2I5H0] O[A|A Q1 7tE S H|A|SH=C
SIO|=2f|0|ES| A AT2 X2 B9 +AZYEL HA| 1% H 20 O-0-0 &=
AHEZO| tetrahedral Zt=2b= T 2-10f| CHSHAM = 3.7°, L 2-II0]| CHSHA= 3.0° CHE A2 2 A4S
Ct. Chfet Y22 S5t 7tA SH0| =2 0|EL| 291t BS= HIWsHH ThE2| EOf| LIELHY
Ct 2 A2 (<50 K)Of|A&12] NMR(Nuclear Magnetic Resonance) 2 0| &t spectroscopic £4, 11
2|0 7|A A B A 59 (elastic properties) 22 7|44 §4¢, 12|11 SUEE, B WA+
o 2 @& £ (thermal properties)E H0| SYStA=E 1 Olr= dHItA 10| =2f| 0| E2
AHNEZ &85t7| 2ot S40|UC
Property Ice Structure | Structure II
Structure and dynamics
Crystallographic unit cell space P63/mmc Pm3n Fd3m
group
No. of HpO molecules 4 46 136
Lattice parameters at 273 K (A) a=452,¢=1736 12.0 17.3
Dielectric constant at 273 K 94 ~58 ~58
Far infrared spectrum Peak at 2293 cm™!  Peak at 229.3 cm™! with others
H;O reorientation time 21 ~10 ~10
at 273 K (us)
H, O diffusion jump time (js) 2.7 >200 >200
Mechanical properties
Isothermal Young’s modulus 9.5 g.4¢st g.20st
at 268 K (10° Pa)
Poisson’s ratio 0.33012 0.31403% 0.31119¢
Bulk modulus (GPa) 8.8;9.0972 5.6; 8.7622 8.4822
Shear modulus (GPa) 3.9; 3.488% 2.4;3.5742 3.6663%
Compressional velocity, Vp (m/s) 3870.12 3778%b 3821.82
Shear velocity, Vg (m/s) 19492 1963.6 2001.14b
Velocity ratio (comp/shear) 1.99 1.92 1.91
Thermal properties
Linear thermal expansion 56 x 1076 77 x 106 52 x 1076
at200K (K1)
Thermal conductivity 2.23 0.49 £+ 0.02; 0.51+0.02
(Wm~1K-1)
at 263 K 2.18 £0.01° 0.51 £0.01° 0.50 £0.01°¢
0.587¢
Adiabatic bulk compression 12 14¢est 1408t
at 273 K (GPa)
Heat capacity (Jkg~1K~1) 1700 £ 200°¢ 2080 2130 +40°
Refractive index (632.8 nm, —3°C)  1.3082° 1.346° 1.350°
Density (g/cm?) 0.91f 0.94 also see 1.2918
Example 5.2

A, A2 & 72 510|=2{|0| E2| &/ H| 1! - Sloan and Koh, Clathrate Hydrates
of Natural Gases, 3rd ed., 2008



|3 252 MHAL (P-T phase diagram)
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Area III
H-V-Lcoz Leoobw-V
o Areal: | + H phase
=3
9 Areall : H + L, or H +V phase
& Arealll: H + L, orH + L, phase
ArealV:Ly + L, phase
Areal AreaV:L, +V phase
Q, (H-I-L V)
AreaV Area VI : | +V phase
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