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Embryo: something in an early stage of development

SFVS: sum-frequency vibrational spectroscopy
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SFVS used to applied to deduce the composition, orientation distributions, and
structural information of molecules at gas—solid, gas—liquid and liquid—solid
interfaces.

https://www.hymarc.org/capabilities/sum-frequency-generation-vibrational-spectroscopy-sfg/
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Molecular level knowledge of nucleation and growth of clathrate hydrates is of importance for advanc-
ing fundamental understanding on the nature of water and hydrophobic hydrate formers, and their
interactions that result in the formation of ice-like solids at temperatures higher than the ice-point. The
stochastic nature and the inability to probe the small length and time scales associated with the nucle-



=) How the clathrate starts to nucleate and disintegrate at the molecular level.

=) According to molecular-dynamics (MD) simulations, after reaching a critical size,
the clusters can transform first into amorphous and then into crystalline

clathrate.
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Why this paper?

= First experimental demonstration of clathrate hydrate nucleation process.
=) Observation of clathrate nucleation with the help of surface sensitive SFVS.

= EXxperimental set-up



Introduction

=» Among natural energy resources, methane clathrate has attracted particular
attention for being the world’s largest natural gas resources beneath permafrost and
ocean sediments.

=» Nucleation of clathrate is still a poorly understood process although its knowledge is
crucial for control of clathrate formation and dissociation in many applications.

=) Using surface-specific sum-frequency vibrational spectroscopy (SFVS), they have
studied in situ the nucleation and disintegration of methane clathrate embryos at the
methane-gas—water interface under high pressure and different temperatures.

=) Before appearance of macroscopic methane clathrate, the interfacial structure
undergoes 3 stages as temperature varies-
1. dissolution of methane molecules into water interface,
2. formation of cage-like methane—water complexes,
3. appearance of microscopic methane clathrate, while the bulk water structure
remains unchanged.



Experimental Methods

= Preparation of Polycrystalline Methane Clathrate: Deuterated water and
methane were used for growth of methane clathrate in the high-pressure chamber
at 5 °C, with the methane pressure at 4.0 MPa and water mildly perturbed by a
Teflon-coated magnetic stirrer, growth of polycrystalline methane clathrate was

observed.
|
4
5
! ! https://www.sciencedirect.com/scienc
e/article/pii/S0378381219300469

= Sample Preparation for Experiment at Gas—Water Interface: Ultrapure
deionized H,O or deuterated water was held in a fused silica cell placed inside
the high pressure chamber.
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Spectral characterization of solid methane clathrate and the high-pressure
methane—-water interface
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(A) Schematic of SFVS arrangement for
probing the methane—water interface.
(Inset, Left) Density profile of methane in the
interfacial region. (B) SF spectrum of
polycrystalline methane-D,O clathrate grown
on fused silica. (C) Raman spectrum of the
same sample as in B, showing characteristic
feature of the s-I crystalline clathrate. (D) SF
spectra of methane—water (D,0O) interface at
4.3 °C with different methane pressures from
0.1 to 8.0 MPa. SF spectrum of 8.0 MPa
nitrogen-D,0O interface (dotted curve) is also
presented for comparison. (E) Raman spectra
of bulk water (D,O) at 4.3 °C under methane
pressures of 0.1 and 8.0 MPa. (F) Calculated
molecular density profiles of water and
methane in the interfacial region versus
pressure by MD simulations.



Nucleation of methane clathrate at the gas—water interface
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Temperature dependence of SF spectra at the methane-D,0O
interface. (A) A set of SF spectra in the OD stretching region for the
methane—water interface under 8.0 MPa of methane with
temperature decreasing from 20.6 °C down to —-0.5 °C. Times at
which spectra at different temperatures were taken after start of
cooling are indicated. (Inset) Representative theoretical fit (gray) of
the SF spectrum (black) at 1.6 °C and the imaginary components
(dotted curves) of the 3 modes composing the spectra. The
amplitudes of the 3 modes as functions of temperature deduced from
fitting of the SF intensity spectra are presented in B for 8.0 MPa
and C for 6.0 MPa of methane vapor pressure. The black dashed
vertical lines mark the temperature ranges of 3 different stages of
structural changes at the methane—water interface. The colored
dashed lines serve as a guide to the eye. The phase equilibrium
temperatures under 8.0 and 6.0 MPa are ~14.0 and ~11.5 °C,
respectively.
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Structural Hysteresis at the Methane—Water Interface during Cooling—Heating
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Formation/disintegration of methane clathrate showing structural
hysteresis during cooling—heating cycles. Amplitude of (A) the
2,350 cm™ mode and (B) the 2,370 cm™ mode versus
temperature of the methane—water interface that was first cooled
(blue color) down to 0 °C and then heated up to 31 °C (red color),
all under fixed methane vapor pressure of 8.0 MPa. (C) Same
as B, but with temperature first cooled down to 12 °C. Formation of
methane clathrate appears to go through the successive stages of
molecular arrangement, | to Ill, sketched in D—-F. The phase
equilibrium temperature under 8.0 MPa is ~14.0 °C
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= Surface-specific SFVS have used to study nucleation and dissociation of methane
clathrate.

= This study confirmed that with water under high-pressure methane vapor,
nucleation and growth of methane clathrate starts at the methane—water interface.

= Methane—water interfacial structure undergoes 3 stages of changes-

* In the first stage with a fixed high-vapor pressure, the solvated methane
concentration increases with decrease of temperature.

* In the second stage, a cage-like structure of water with an embedded methane
molecule seems to appear in dynamical equilibrium with water and serve as
nuclei or seeds for later possible growth of methane clathrate, while the host
water structure remains nearly unchanged.

* In the third stage, some of the nuclei in the interfacial layer reach the critical
size and grow into methane clathrate.



