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Clathrate hydrates in interstellar environment 

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 1526-1531 



Methane trapped inside 512 cage of hydrate 

Unit cell 



Clathrate hydrates: From an energy perspective 

3 Koh, A.C. et al., Annu. Rev. Chem. Biomol. Eng., 2011, 2, 237–257 



Applications of clathrate hydrates 
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“Ice on fire” burning of methane hydrate 
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Applications: 

 Storage of natural gases and 

hydrogen (H2). 

 Separation of flue gases and 

desalination of seawater. 

 Flow assurance in gas pipelines. 

 Renewable energy source. 

Gas hydrate plug recovered from a subsea pipeline 

Koh, A.C. et al., Annu. Rev. Chem. Biomol. Eng., 2011, 

2, 237–257 



Occurrence of clathrate hydrates 

Hester, K. C. et al., Annu. Rev. Mar. Sci., 2009, 1, 303–327 
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1810 Chlorine hydrate discovered by Sir Humphrey Davy 

1823 Corroboration by Faraday—formula Cl2∙10H2O 

1828 Bromine hydrates discovered by Löwig 

1829 SO2 hydrates found by de la Rive as SO2∙7H2O 

1848 Pierre determined the formula of SO2∙11H2O 

1855 Schoenfield measured the formula as SO2∙14H2O 

1856–1878 CS2 hydrate composition disputed by Berthelot (1856), Millon (1860), Duclaux (1867),  Tanret (1878) 

1876 Br2 hydrates corroborated by Alexeyeff as (Br2∙10H2O) 

1877, 1882 Cailletet and Cailletet and Bordet first measured mixed gas hydrates from CO2 + PH3 and from H2S + PH3 

1882 de Forcrand suggested H2S∙(12–16)H2O and measured 30 binary hydrates of H2S with a second component such as CHCl3 

,CH3Cl, C2H5Cl, C2H5Br, C2H3Cl. He indicated all compositions as G∙2H2S∙23H2O 

1882, 1883 Ditte and Mauméné disputed the composition of chlorine hydrates 

1883 Wroblewski measured carbon dioxide hydrates 

1884, 1885 Roozeboom postulated upper/lower hydrate quadruple points using SO2 as evidence; 

determined univariant dependence of P on T 

1884 Roozeboom confirmed the composition as Cl2∙10H2O 

1884 LeChatelier showed that the Cl hydrate P–T curve changes slope at 273 K 

1885 Chancel and Parmentier determined chloroform hydrates 

1888 Villard obtained the temperature dependence of H2S hydrates 

1888 de Forcrand and Villard independently measured the temperature dependence of CH3Cl hydrate 

1888 Villard measured hydrates of CH4, C2H6, C2H4, C2H2, N2O 

1890 Villard measured hydrates of C3H8 and suggested that the temperature of the lower quadruple point is decreased by 

increasing the molecular mass of a guest; Villard suggested hydrates were regular crystals 

1896 Villard measured hydrates of Ar, and proposed that N2 and O2 form hydrates; first to use heat of formation data to get the 

water/gas ratio 

1897 deForcrand and Thomas sought double (w/H2S or H2Se) hydrates; found mixed (other than H2Sx) hydrates of numerous 

halohydrocarbons mixed with C2H2, CO2, C2H6 

 

Brief history of clathrate hydrates 
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1902 de Forcrand first used Clausius–Clapeyron relation for H and compositions; tabulated 15 hydrate conditions 

1919 Scheffer and Meyer refined Clausius–Clapeyron technique 

1923, 1925 de Forcrand measured hydrates of krypton and xenon 

1934 Hammerschmidt discovers hydrates as pipeline plugs; provides Hammerschmidt equation; discovers thermodynamic inhibitors 

1941 Katz et al. begin K-values and gas gravity methods to predict hydrate mixtures 

1946 Deaton and Frost present data summary on hydrates and their prevention 

1949 von Stackelberg reports 20 years of diffraction data on hydrate crystals 

1949 Kobayashi begins a 50 year hydrate research effort with study of binary systems 

1951 Claussen proposes, and von Stackelberg and Müller confirm sII unit crystal 

1952 Claussen and Polglase, Müller and von Stackelberg, and Pauling and Marsh confirm sI unit crystal 

1954 von Stackelberg and Jahn measure sII hydrate formed from two sI guest molecules 

1959 van derWaals and Platteeuw (vdWP) propose statistical theory based on structure 

1960 Robinson begins 30 year hydrate research effort with study of paraffin/olefin hydrates 

1963 McKoy and Sinanoglu apply Kihara potential to vdWP theory 

1963 Davidson makes first dielectric measurements 

1965 Kobayashi and coworkers apply vdWP theory to mixtures 

1966 Davidson makes first broadline NMR measurements of hydrates 

1972 Parrish and Prausnitz apply vdWP theory to natural gases 

1975 Sloan begins measurements of two-phase hydrate equilibria 

1976 Ng begins with three- and four-phase study of liquid hydrocarbons 

1976 Holder et al. begin work with study of sI and sII coexistence and hydrates in earth 

1979 Bishnoi and coworkers begin kinetic study with simulations of well blowouts 

1980 Ripmeester and Davidson make first pulsed NMR measurements 

1982 Tse and coworkers begin molecular dynamic (MD) simulation of hydrates 

1984 Davidson et al. confirm Holder’s suggestion that small, simple guests form sII 

1984 Handa begins study of calorimetry and phase equilibria 

1985 John and Holder determine effect of higher order coordination shells in vdWP theory 

1986 Englezos begins study of kinetics of methane, ethane dissociation 

1987 Ripmeester and coworkers discover new structure H (sH) hydrates 

 

Brief history of clathrate hydrates 
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1988 Danesh, Todd, and coworkers begin four phase experiments with hydrates 

1990a,b Rodger studies relative stability using MD simulation 

1991 Mehta obtains sH data, applied vdWP theory to CH4 + large (>8 Å) guest(s) 

1991 Behar et al. introduce water emulsification concept to control hydrate blockage 

1991 Sloan proposes molecular mechanism with kinetic inhibition implications 

1992 Kotkoskie et al. show that hydrates are controlled by drilling mud water activity 

1996 Sum measures hydrate composition and hydration number using Raman spectroscopy 

1997 Kuhs et al. publish first report of double occupancy of nitrogen molecules in large cage of sII hydrate at high pressures, 

exceeding several hundred bar 

1997 Udachin et al. report first single crystal x-ray diffraction measurements of a sH gas hydrate 

1997 Dyadin et al. discover a very high pressure phase of methane hydrate that is stable up to 600 MPa 

1999 Dyadin et al. discover that H2 forms a clathrate hydrate at high pressures up to 1.5 GPa 

2004 Camargo et al. and BP/SINTEF introduce “cold flow” concept to prevent hydrate plug formation without the need of chemical 

additives 

Sloan Jr, E. Dendy, and Carolyn Koh. Clathrate hydrates of natural gases. CRC press, 2007 

Brief history of clathrate hydrates 



Classification of clathrate hydrates 
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Warrier, P. et al., J. Chem. Phys. 2016, 145, 21705 

Examples 

Methane, 
ethane, carbon 
dioxide, etc... 

Propane, iso-
butane, 

natural gases, 
etc… 

Methane+neo
hexane, 

methane+cycl
oheptane, 

etc… 



Big Bang Theory https://en.wikipedia.org/wiki/Big_Bang 

Majority of the universe is made of H and He 
produced during the Big Bang although some 
He has been made subsequently. 

http://supernovacondensate.net/2009/06/30/the-astronomers-periodic-table/ Astrochemistry : Astronomy to Astrobiology; Andrew M. Shaw, Wiley  

Astronomer’s periodic table 

Molecular evolution in the universe 



Molecules and ions detected in the interstellar medium (ISM) 

Snow, T.P. et al., Annu. Rev. Anal. Chem., 2008, 1, 229 
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209 molecules 
as on Jan. 2019 
https://zeus.ph
1.uni-
koeln.de/cdms/
molecules 
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Contribution from third bilayer 

Full bilayer terminated 

S. Bag et. al. Ann. Rev. Anal. Chem. 2013 

J. Cyriac et al. Chem. Rev. 2012  Radha, Rabin and Jyotirmoy 
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Ice chemistry 



 Low energy ion scattering (LEIS) 

 TPD-MS 

 RAIRS 

 Low energy Cs+/ Li+ ion gun 

 Metal evaporator 

D 

Instrumentation 

13 

 P = 10-10 mbar 

 T = 10 K RAIRS 

Sample  

Inlet line 

LEIS 

Bag, S. et al., Rev. Sci. Instrum., 2014,  

85, 014103/1-014103/7 





Annealing 

Co-deposition at 10 K 
Clathrate hydrate (CH) 

Methane hydrate 

structure; 512 cage 

Sample inlet tubes 

UHV UHV 

Varying T, depending 

on the gas 

Experimental method 
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Clathrate hydrates in interstellar environment 
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Clathrate hydrates in interstellar environment 

12.71% of 

the total CH4 

is trapped 

512 cage of 

CH4 hydrate 



Clathrate hydrate at low pressure 

Blake, D. et al., Science, 1991, 254, 5031, 548-551 
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P = 10-6 torr 

H2O:CH3OH:CO2 = 100:50:1 
Here, CO2 hydrate was used as a local sensitive 

probe for the formation of methanol hydrate 



Clathrate hydrate at low pressure 

Blake, D. et al., Science, 1991, 254, 5031, 548-551 
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Clathrate hydrates in interstellar environment 

512 cage of 

CO2 hydrate 



Clathrate hydrates in interstellar environment 
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Clathrate hydrates in interstellar environment 
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