Since 1959

Clathrate Hydrates in Interstellar Environment

Co-founder

InnoNano Research Pvt. Ltd.

InnoDI Water Technologies Pvt. Ltd.
VayulAL Technologies Pvt. Ltd.
Aqueasy Innovations Pvt. Ltd.
Hydromaterials Pvt. Ltd.
EyeNetAqua Solutions Pvt. Ltd.
DeepSpectrum Innovations Pvt. Ltd.

Associate Editor

ACS . %,
<7 Sustalhable
Chemistry: Engineering

Materials, Methods

Thalappil Pradeep
Institute Professor, IIT Madras
pradeep@iitm.ac.in
https://pradeepresearch.org

Professor-in-charge

/N

IPTW

—~F

International Centre for Clean Water

Dr. Ritu Gupta
Dr. Ashutosh Singh

B 20cC®

RESEARCH GROUPI
-

,\< >

and Devices for Futuristic Technologies (MDFT-2023)


mailto:pradeep@iitm.ac.in
https://pradeepresearch.org/







ACCOUNTS

Formation and Transformation of Clathrate Hydrates under
Interstellar Conditions
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Interstellar medium

HELIOSPHERE INTERSTELLAR MEDIUM
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Diffuse clouds: T ~ 100 K, n ~ 100 molecules per cm3
Dense clouds: T ~ 10-100 K, n ~ 10*-102 molecules per cm3
On Earth sea level: T ~ 300 K, n ~ 3x10*° molecules per cm?3

https://spaceref.com/science




Interstellar molecules
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Interstellar ices

Five Mechanisms for Processing Interstellar Ices i
Thermal Ice Chemistry Atom Addition Chemistry

i ML CO0M

Dffuvon ond

Photodesorption oction thae
‘ v heuting

Gas-phase
bombardment 2

Molecutar
formation

Chemistry (?)
R##+0

CHO

| ryperveincy
‘ neutral poeticle

oy (’

Mu l ow e
ACTINGLDN
Sw Nown
Photo- " Kivow
b

" chemistry \

Radiation
Chemistry

Silicates and carbonaceous material — 0.01-0.5 um

Arumainayagam, C. R. et al., Chem. Soc. Rev., 2019, 48, 2293-2314



Applications of clathrate hydrates

Applications:

» Renewable energy source.

» Storage of natural gases and
hydrogen (H,).

» Separation of flue gases and
desalination of seawater.

» Flow assurance in gas pipelines.

Gas hydrate plug recovered from a subsea
pipeline

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



Clathrate hydrates
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Clathrate hydrates at extreme low pressure
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Instrumentation

QMS for ion
scattering as well as SIMS

Low energy ion
scattering MS

Cs* ion gun
for SIMS

Deuterium
lamp

115-400 nm
Bag, S. et al., Rev. Sci. Instrum. 2014, 85, 014103/1-014103/7

Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823-2829
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Instrumentation

Ice instrument located in HSB-148, IIT Madras
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Clathrate hydrates in interstellar environment

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 1526-1531
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Experimental method
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Clathrate hydrates in interstellar environment
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Clathrate hydrates in interstellar environment

0.04
——O0h
——30 h
0.03 T=25K
Q
O
c
©
2 0.02-
(o]
2 CH
4
< Ru(0001)
0.01
0.00
T T T T T
3080 3060 3040 3020 3000 2980 2960

Wavenumber (cm'1)

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



Clathrate hydrate at low pressure
P =10 Torr

Transmittance (arbitrary units)
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Frequency (cm™)
Here, CO, hydrate was used as a local sensitive
probe towards the formation of methanol hydrate H,0:CH,OH:CO, = 100:50:1
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Blake, D. et al., Science 1991, 254, 5031, 548-551



Clathrate hydrates in interstellar environment
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Clathrate hydrates in interstellar environment
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Clathrate hydrates in interstellar environment
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Intensity (arb. units)

Clathrate hydrates in interstellar environment
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Spontaneous formation of tetrahydrofuran hydrate in
ultrahigh vacuum

Ghosh, J. et al., J. Phys. Chem. C 2019, 123, 16300-16307
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Formation of THF hydrate in UHV

P =~10-1° mbar

THF hydrate
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Ghosh, J. et al., J. Phys. Chem. C 2019, 123, 16300-16307



Absorbance (arb. units)

Formation of THF hydrate in UHV
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Formation of THF hydrate
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Formation of THF hydrate in UHV
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Absorbance (arb. units)

Formation of THF hydrate in UHV
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Formation of THF hydrate in UHV
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Formation of THF hydrate in UHV

Avrami equation,
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Formation of THF hydrate in UHV

31
Ghosh, J. et al., J. Phys. Chem. C 2019, 123, 16300-16307



Many hydrates



Formation of cubic ice via clathrate hydrate, prepared
in ultrahigh vacuum at cryogenic conditions

Ghosh, J. et al., J. Phys. Chem. Lett. 2020, 11, 26-32
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Structure of cubic ice

Ice I,

Ice |,
Unit cell of cubic ice

http://www1.Isbu.ac.uk/water/cubic_ice.html
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Kuhs, W. F. et al., Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 21259-21264



Cubic ice via clathrate hydrate
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Fig. 2. Main established routes of forming “ice I.".
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Absorbance (arb. units)

Cubic ice via clathrate hydrate
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Diffraction pattern of cubic ice
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Fig. 3. X-ray diffraction pattern of diamond-cubic ice in the
presence of vitreous ice

Dowell, L. G. et al., Nature 1960, 168, 1144-1148 Kouchi, A. et al., Nature 1990, 344, 134-135
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RHEED set-up
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Cubic ice via clathrate hydrate
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Cubic ice via clathrate hydrate
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Cubic ice via clathrate hydrate
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Crystallization Fraction (x)

Cubic ice via clathrate hydrate
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Amorphous Ice
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Photochemistry



Crystallisation

RHEED pattern
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Chemical reaction
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Photochemistry of molecular solids
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I. lce deposition

Oberg, K., Chem. Rev., 2016, 116, 9631-9663

Origin of life
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Clathrate hydrate formation in vacuum
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Transformation of clathrate hydrate under UHV
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Observing clathrate hydrates?
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Existence of acetaldehyde clathrate hydrate and its
dissociation leading to cubic ice under ultrahigh vacuum and
cryogenic conditions

Vishwakarma G. et al., J. Phys. Chem. Lett. 2023, 14, 5328-5334
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SPACE SCIENCES
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Formation of acetaldehyde clathrate hydrate

300 ML CH,CHO+H,0 (1:1)
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Formation of acetaldehyde clathrate hydrate

Dielectric and nuclear magnetic resonance characterization of unstable
clathrate hydrates of acetaldehyde and propionaldehyde’

Davison, D. W. et al., Can. J. Chem.
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Thermodynamic and spectroscopic identification of aldehyde hydrates
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Formation of acetaldehyde clathrate hydrate
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Formation of cubic ice via dissociation of clathrate hydrate
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Crystallization mechanism
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Crystallization Kinetics
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Control experiments

—&— Cl after acetone CH dissociation
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Facile crystallization of ice 1, via formaldehyde hydrate in
ultrahigh vacuum under cryogenic conditions

Jyotirmoy Ghosh,* Gaurav Vishwakarma,* Subhadip Das, and Thalappil Pradeep

Ghosh J. et al., J. Phys. Chem. C 2021, 125, 4532-4539
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Crystallization Kinetics
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Conclusions

A We have shown that the dissociation of formaldehyde CH makes hexagonal

ice in UHV at 130-135 K, much below the usual crystallization temperature,
155 K.

A Associated crystallization-kinetics and activation energy (E,) for the process
were also evaluated.

Equilibrium curves of clathrates and pure condensates in Mlssmg pUZZIe
the cometary environment
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Induced migration of CO, from hydrate cages to amorphous
solid water under ultrahigh vacuum and cryogenic
conditions

Vishwakarma G. et al., J. Phys. Chem. Lett. 2023, 14, 2823-2829
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Clathrate hydrates in interstellar environment
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Quantum chemical calculation

2800 A C
CO,@5"? cage 3
|7 2339.5 cm! - M
£ i -~ SPLN
g 3 i E12¢2 ;. \ ‘ ‘r 1
5 1400 | €O, in5'26? cage ¥ e v
2 |7 23345cm? Y e
< N o T & \ P i
700 - : P A
1 QW ¥
‘ |
0 T T T T T T T T T
2460 2400 2340 2280 2220 C02@512 and C02@51262 cage
2000
B D
1500 - = >y o
8 | CO,@5' cage 2K | '
c |7 2344.5 cm? " <. Y A '(
21000 - f ‘,_ r Qv "\
r= ; i sl “
o ' ; ' 2 .8 !
< 3 Ty BT
| r e
B o 10-90K
0 90-130K
CO,@5'? and THF@5'26* cage

T T T T T T T ' T
2460 2400 2340 2280 2220
Wavenumber (cm™)

72



Mixed clathrate hydrate of CO,-THF
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Conclusions

A We have studied the migration of CO, from the CH cages to the matrix of
ASW in presence of THF under UHV and cryogenic conditions.

A We demonstrated the partitioning of CO, in CO,@5'% and CO, @526 cages
of sl at 90 K without the ‘help guest’.

A We have prepared mixed CH of CO, with THF.

T=90K T=130K
CO,@H,O layered ice CO,;@(THF:H,0; 1:5) compoasite ice
e | (8 12 o e OB
95 ] {51 : & 6 g %
Y& W Igi R
"f o b 1% Adding THF to By i;" (@]
) 7 o water ice F&{ 4
o e ST T AR =
/u‘gx L . Migration o e
Lo A=t <® ? encased CO, "f*‘.ﬁ! gftb : C
AN 7, SO 4 A, b g T e
IR W T o (e
A e - .'..._. v
e 5 H,0 matrix @ g (j@ ) O H,0 matrix
5 cage: violet; 5'26? cage: orange 526" cage: red; THF: yellow; CO,: cyan

74



Partitioning photochemically formed CO, into clathrate
hydrate in interstellar conditions

Vishwakarma, G. et al., 2023 (Under consideration)
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Partitioning photochemically formed CO,
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Partitioning photochemically formed CO,

TPD mass spectrometric analysis of photolyzed H,0-CO mixture
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Partitioning photochemically formed CO,

Trends of photochemically produced CO, partitioning at different
temperatures and H,0-CO compositions
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Partitioning photochemically formed CO,

Composition-dependent experiments
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Surface structure of H,0-CO ice
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Existence of clathrate hydrates under UHV
ACCOUNTS

rulis acs oo accous Article

Formation and Transformation of Clathrate Hydrates under
Interstellar Conditions
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Research proposal - 1

Examine the formation of mixed clathrate hydrates and the interplay between different guest
molecules within the structure.

____________
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Thermal annealing

Ru(0001)

Ru(0001)
Vapor deposition at 10 K

Clathrate hydrates
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Ru(0001)
T=10K
Amorphous ice mixture

D, Lamp
-

Ru(0001)

Photoirradiation of clathrate hydrates

Research proposal - 2

Fate of clathrate hydrates under vacuum ultraviolet (VUV) radiation.

Thermal annealing /

Ru(0001)
Clathrate hydrates

D, Lamp

o
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Ru(0001)

Photoirradiation of clathrate hydrates



Research proposal - 3

Explore the chemistry behind the formation of complex molecules under vacuum ultraviolet
radiation.

D, Lamp

Small molecules Big complex molecules
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Experimental procedure
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Molecules detected in interstellar medium
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sl

Unit cells

Methane trapped inside
512 cage of hydrate

Occurrence:

Deep ocean layers,
permafrost region,
marine sediments at
high P and moderate T

What is clathrate hydrate?

Chlorine hydrate discovered by
1810 Sir Humphrey Davy

Hammerschmidt discovered

g / hydrates as pipeline plugs;
r-ﬁ : 1934 | provides Hammerschmidt

4 equation
fi
)
Makogon first discovered the
1965 .~ natural source of methane

Y hydrate

Ripmeester and coworkers
discovered a new hydrate
structure, termed as sH hydrate
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Ranieri, U. et al., Nat. Commun. 2017, 8, 1076



Classification of clathrate hydrates

Methane,
ethane, carbon
dioxide, etc...

Propane, iso-
butane,
natural gases,
efc...

Methane+neo
hexane,
methane+cycl
oheptane,
etc...

Examples

90
Warrier, P. et al., J. Chem. Phys. 2016, 145, 21705



Occurrence of clathrate hydrates

¢ Known hydrate deposit

——— T .

Hester, K. C. et al., Annu. Rev. Mar. Sci. 2009, 1, 303-327



Interstellar medium (ISM)

¢ Icy satellites

Comets

Surface of planets
e - "28.-3" ""

MgH" 1’00%0 ZOOC (?0,1(4293 K?’
JJIEIutO» =218 to -240°C (33.to. 55 K)




Formation of ethane clathrate hydrate in ultrahigh vacuum
by thermal annealing

Malla, B. K. et al., J. Phys. Chem. C., 2022, 42, 17983-17989
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Background

RESEARCH ARTICLE  SPACE SCIENCES f ¥V in @o®% @

The presence of clathrates in comet 67P/Churyumov-
Gerasimenko
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Results and discussion
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Results and discussion

TPD-MS plot
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Clathrate hydrates

Structure |
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Properties and applications of clathrate hydrates

Desalination

) Gas Separation
Applications

of Gas

Hydrates
C02 Capture

Natural Gas Storage

Veluswamy, H. P. and Upadhye, N., Energy Fuels 2022, 36, 2323-
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Clathrate hydrates in interstellar environment

Experimental method

Sample inlet tubes

Annealing
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In situ synchrotron X-ray diffraction experiments

In Situ X-Ray Diffraction Study on Hydrate Formation at Low
Temperature in a High Vacuum

Robert P.C. Bauer, Aravind Ravichandran, John S. Tse,* Narayan Appathurai, Graham King,
Beatriz Moreno, Serge Desgreniers, and Ramaswami Sammynaiken

Cite This: J. Phys, Chem. C 2021, 125, 26892-26%900 I: I Read Online
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Instrumentation
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Bag, S. et al., Rev. Sci. Instrum. 2014, 85, 014103
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