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Molecular-dynamics simulation of methane-hydrate crystallisation in
terahertz electromagnetic fields: Assessment of field intensities
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Non-equilibrium molecular dynamics simulations were conducted to study the growth and dissolution of a spherical
methane hydrate crystallite, using a polarizable water potential, encircled by a liquid phase of saturated water and methane,
both in the microwave to far-infrared range and under applied external electromagnetic (e/m) fields (5 GHz to 7.5 THz)

at r.m.s. electric-field strengths of up to the order of 1 V-nm™

— in an attempt to assess and model the “threshold” field

intensities required to initiate hydrate dissolution. The average growth rate of the crystallite in the absence of a field was
found to be approximately 0.32 water and 0.045 methane molecules per picosecond. Upon applying e/m fields, deviations
from zero-field crystal growth patterns were observed for r.m.s. field strengths, especially at ~ 1 V-nm™! as a rough
‘threshold’. When the water dipole was aligned with the external field, systematic frequency variations were observed,
providing a mechanistic rationale for field-coupling effects on dipole direction/magnitude and hydrogen-bonding shifts.

Keywords: molecular dynamics, clathrate hydrates, crystallisation, electromagnetic fields
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1. Introduction

Water molecules form a host lattice that creates cavi-
ties for the tiny guest atoms or molecules — to form a crys-
talline inclusion compound — known as clathrate hydrates.
Methane hydrates, which usually have the sI-polymorph struc-
ture, are the most prevalent in-situ hydrates found in nature.
They can be found in permafrost and marine-sediment envi-
rons. The potential of methane clathrates as a novel source
of natural gas has led to a significant increase in global in-
terest in these materials in recent years.!!'= The global inter-
est in this topic has spurred a variety of molecular dynamics
simulations, many of which investigate methane-hydrate ex-
traction techniques, typically from marine-sediment environ-
ments. Overall, molecular simulation has been very helpful
in clarifying many of the fundamental equilibrium character-

10]

istics of gas hydrates, such as their structure,*-'% phonon

“resonant-scattering” by guest molecules in cages,!'l!?]
hydrogen-bonding behaviour,!?! and dynamical and energetic
properties.['%131 Molecular dynamics (MD) has greatly ad-
vanced our understanding of equilibrium phonon scattering
and time-dependent properties, which has resulted in many
advances, especially in understanding the underlying thermal-

conduction mechanisms in clathrates,[!-12]

as well as guest
diffusion based on ‘“cage-hopping”, which is relevant to en-
ergy and gas-storage applications.[!3] Hydrate-formation ki-

netics are still not well understood, %13 despite dramatic re-
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cent advancements in simulation-facilitated comprehension
of clathrate-equilibrium properties. Nucleation and crystal-
lization of hydrates have been studied through a number of
molecular-simulation studies. >3]

A significant number of technical issues within the oil and
gas-processing industries are rooted in the desire to both pro-
mote and prevent the formation of natural gas hydrates. For
example, hydrate nucleation, agglomeration, and growth are
inhibited by the injection of chemicals, such as methanol and
various glycols, into gas streams. While greater clarity ex-
ists than for nucleation, the precise molecular-scale mecha-
nisms underlying hydrate growth are still unknown. Although
the limited timescales amenable to MD and the mass trans-
fer of guest molecules are undoubtedly important factors, a
less explored area in the inhibition of hydrate nucleation and
formation lies in the use of electromagnetic fields. Expos-
ing hydrate-fluid systems to external electromagnetic fields
at suitable intensities and frequencies represents a potentially
desirable approach with practical and cost-effective options.
Rojey!'#! has filed a U.S. patent on a method that exposes
pipeline systems to a field of pulsed electromagnetic waves
created by a network of emitters spaced along the pipeline’s
length in order to inhibit or prevent the formation of clathrate
hydrates. In essence,!'*l e/m waves with frequencies between
1 GHz and 300 GHz, particularly in the 1 GHz to 10 GHz
range, are expected to hinder or prevent the arrangement of
water molecules into a hydrogen-bonded crystalline lattice,
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thereby disrupting hydrate growth.

This is undoubtedly more appealing than the highly
expensive downstream ‘“‘cleaning” process of extracting in-
hibitors. In his analysis of the impact of electric fields on
hydrate crystals, Makogon developed an expression for the
change in thermodynamic equilibrium conditions caused by
a stationary electric or magnetic field. He concluded that the
intensity of the electric field would need to be on the order
of 108 V/m (i.e., 0.1 V-nm™!) to have any discernible impact
on equilibrium. A model for the e/m field-induced melting of
hydrate deposits in porous rock wells was also described by
Makogon.!!! For gas pipeline flow assurance, external elec-
tric fields would therefore serve as a substitute for the more
conventional methods of applying additives.!!! Although e/m-
field penetration depths in liquid water are only a few cen-
timetres, they can reach up to metres in gas.!'#! This, along
with repeated specular reflection along the pipe walls (in a
“zig-zag” fashion), helps to maintain relatively high amplitude
over hundreds of metres. For this reason, new field emitters
are specified in Rojey’s patent every few hundred meters of
pipeline. Unfortunately, little industrial R&D has been con-
ducted in the last 20 years regarding these electric-field meth-
ods for gas-hydrate applications, and virtually no developmen-
tal work has been reported in the open literature. Our motiva-
tion to investigate additional electric-field effects on hydrates
stems from this intriguing flow-assurance proposition’s rela-
tive neglect. To determine how external e/m fields affect the
formation of spherical methane-hydrate nano-crystallites, En-
glish and MacElroy conducted non-equilibrium MD.!">! They
discovered that the structural hydrogen-bonding arrangements
within the crystallite are weakened by shifting dipolar align-
ment, which causes break-up (or inhibits formation initially).
This effect depends on the frequency and intensity of the field;
to observe inhibition within realistic MD simulation times, in-
tensities of 0.1-0.5 V.-nm~! are required. The range of 0.02—
0.2 THz, which overlaps with the average hydrogen-bond life-
times, was the “optimal” frequency range for disruption. This
partially validates the claims made by Rojey.!!*!>! Specifi-
cally, e/m fields larger than approximately 1 V-nm~! in root-
mean-square (r.m.s.) intensity led to the “electro-dissociation”
of hydrate nano-crystals, with the 50-100 GHz band showing
the fastest results. Even at r.m.s. intensities close to 2 V-nm ™!,
however, more recent non-equilibrium MD studies on bulk
methane clathrates showed that external e/m fields do not
cause “electro-dissociation” at least within nanosecond time

U6l [ uis and others found that when static electric

intervals.
fields larger than 1.5 V-nm~! were applied to bulk methane
hydrate instead of spherical nanocrystals, the methane hydrate
destabilized at 248 K and 2 MPa.[!7-1°]

The current work is predicated on the electro-dissociation

research of references 15 to 19 and on Rojey’s patent.!!* Tt
was believed that applying e/m fields at the appropriate fre-
quency and intensity would modify the solid-liquid hydrate
system’s hydrogen-bonding configurations, which would sub-
sequently impact the rate of crystallization. Examining these
field effects on crystallization and determining the intensity
range that best prevents hydrate growth are the main driving
forces behind this work — especially for lower-intensity cases

below the “electro-dissociation” threshold of ~ 1 V-nm™!.

2. Methodology

The reader is referred to Ref. [15] for more information
about the system setup. In a similar fashion, the present work
created a variety of non-equilibrium two-phase systems to ini-
tiate crystal-growth MD simulations. This was done by us-
ing roughly spherical methane-hydrate nano-crystallites with
radii between 9 A and 12.5 A to seed a methane-supersaturated
aqueous liquid phase. In the current work, the majority of the
analysis is concentrated on the larger, ~ 12.5 A cases because
Ref. [15] indicates that these are more clearly in the realm of
outright crystal-growth régime, well beyond the critical radius.

Regarding possible concerns that periodically replicating
crystallite images in neighboring periodically imaged boxes
could impede growth, the size of the cubic simulation box was
determined to be approximately 42 A.['5] At no point do the
grown crystals in the current study nearly fill the simulation
box, which would be expected to contribute to artificially ac-
celerated crystallization kinetics.[>13)

The ensuing 2288-molecule system with the 12.5 A-
radius crystallite contained 1949 water and 339 methane
while the 2275-molecule
9 A-radius core contained 1944 water and 331 methane

molecules, system with the
molecules.!">! Three 2288-molecule systems with varying de-
grees of initial NVT relaxation were constructed and desig-
nated as “17, “2”, and “3”.[15] An NPT-based MD relaxation
to 220 K and 600 bar was performed on these systems, and no
appreciable changes were observed in the crystal cores’ size,
structure, or identity. Regarding the three 12.5 A crystallites,

these nano-clusters were extremely similar.[!3!

Table 1. Potential parameters used in the methane model.

Rigid Flexible
gcc (kcal/mol) 0.326 0.1094
occ (A) 3.64 3.8164
epn (keal/mol) 0.0157
oun (A) 2.9744
Oucu (degrees) 109.5
ren (A) 1.09
Ou (o) 0.14 0.116

The current study used a five-site rigid methane model
comprised of partial charges on the carbon and hydrogen
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atoms, as well as the rigid/polarizable TIP4P-FQ water
potential’*’! and a Lennard—Jones (LJ) 12-6 interaction site
on the carbon atom. The potential-model parameters for the
methane are given in Table 1.

The TIP4P-FQ model is a molecular dynamics model for

water that uses the TIP4P geometry, [20]

in conjunction with
dynamic transfer of charge between atomic sites based on the
principle of electronegativity equalization.

Using a second-order expansion for the energy required to
create a partial charge in an isolated atom, Ref. [20] expressed
the energy of a system of Ny, molecules, each composed of

Natom atoms, as

Nmol Natom

uQr) =Y Y

i=1 a=1
+ Y Jap(riap) QiaQj
ia<jb

+ Z V(ria,jb)*NmolEgp; (D

ia<jb

N, atom

1
x)0ia+ 3 Y 0iuQindan(riaiv)
b=1

where xg represents the Mulliken electronegativity (per elec-
tronic charge ) of atom a, and JO, is twice the hardness
of the electronegativity of the isolated atom. Ju(7ia jp) is
the Coulombic interaction, and V is any additional non-
Coulombic interaction between the atomic sites ia and jb. Eyp
is the gas-phase energy that must be subtracted (since the to-
tal energy is defined relative to the isolated gas-phase energy).
The electronegativity per unit charge of atom a is given by

U
Xa = TQa ()

The charges Qj,, by the principle of electronegativity equaliza-
tion, are those for which the electronegativities y;, are equal,
which is equivalent to minimizing the energy, subject to the
constraint that each molecule is electroneutral.

The gas-phase energy Eg, is determined by considering
the charge that minimizes the energy of an isolated gas-phase
water molecule, and Ref. [20] shows this for TIP4P-FQ water

£ —(xd—x)*
248 o+ I8y — 4Jon(rvn) + Juu (ran)

3)

The Coulombic interaction Jyp (4, j») for intramolecular inter-
actions is defined as the Coulomb overlap integral between
the Slater atomic orbitals centered on each site, while the in-
termolecular interaction is defined as the pure Coulomb in-
teraction 1/r, which is implemented in this work using the
Lekner method. The intramolecular interaction J;; is charac-
terized by the parameters {p and {y, and use of the parameters
in Ref. [20] allows evaluation of Joo, Jomu, Jun, dJou/dr, and
dJyn/dr at the separations required by the TIP4P geometry.
This is shown in Table 2.

Table 2. Results for overlap integrals and derivatives of TIP4P-FQ model.

fo (aal) 1.63

G (a5 0.90
J3o (keal/(mol-€?)) 371.6
JgH (kcal/(mol-e?)) 353.0
Jon (rvu) (keal/(mol-e?)), where ryy = 0.873 A 286.4
Jun (ran) (keal/(mol-e?)), where ryg = 1.514 A 203.6
dJon (rvmu)/ dr (kcal/(mol-e2-A)) —163.9
dJun (ran)/ dr (keal/(mol-e?-A)) —99.45

These models performed well in comparison to sys-
tems that used flexible and non-polarizable water models
for the simulation of hydrates and water, which is why
they were selected for the crystal-growth investigations.!!”!
Using the previously mentioned interpolation scheme, the
Lekner method was applied to handle long-range electrostatic
interactions.!>'=?* For interactions between various kinds of
LJ sites, the Lorentz—Berthelot mixing rules were applied, and
the cut-off radius for LJ interactions was set at 10 A. Refer-
ence [15] outlines the application of the Bdez—Clancy hydrate-
recognition criteria.

In Ref. [15], the water-methane systems were subjected to
a succession of pure electric fields, as previously mentioned.
The fields had frequencies ranging from 5 GHz, 35 GHz, and
40 GHz to 7.5 THz and r.m.s. electric-field intensities between
0 and 2 V.-nm~!. Given the continuous nature of the water’s
experimental spectrum, the e/m absorption process in the lig-
uid state can be treated using classical mechanics.?>?%! The
infrared spectra of other types of hydrate are continuous, de-
spite the lack of reported experimental spectra for methane
hydrate.[?”-?8] High-intensity fields were used to observe the
non-thermal effect of dipole alignment and to test the poten-
tial models to an extreme degree by enabling the observation
of significant molecular rotations. This group of simulations,
which will henceforth be referred to as non-equilibrium NPT
(NNPT) simulations, was used in conjunction with the NPT
ensemble (which had a set temperature and pressure of 220 K
and 600 bar) to isolate the physical field effects at constant
temperature. NNPT simulations are useful for evaluating non-
thermal field effects.!!”!

A 1.5-15 fs timestep was used, in conjunction with a
TIP4P-FQ charge mass of 15 x 107> (ps/e)?> kcal/mol. For
NPT dynamics, Tq and 7g were set at 100 fs and 500 fs, re-
spectively. Tg was set to 50 fs for the control of the TIP4P-FQ
electronic temperature, with the set value at 1 K.

3. Results and discussion

Considering that crystal formation was noted in Ref. [15]
under zero-field conditions at a temperature and pressure of
220 K and 600 bar, these parameters were chosen for the sim-
ulations in this investigation. Every simulation lasted 0.5 ns,
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during which noticeable growth was observed on the “scaf-
folds” of the nanoclusters. Figure 1 displays the number of
hydrate-like water molecules for each of the three crystals in
the 2288-molecule systems as determined by the NPT simu-
lations, while figure 2 displays the same information for the
2275-molecule system in the NPT ensemble. The size-time
data were fitted with a straight-line regression following an
initial phase of enhanced crystal formation lasting approxi-
mately 30 ps. Strictly, crystallization is a non-linear process,
and straight-line fits act as mere guides to the eye. Figures 1
and 2 show that the crystal size fluctuates rapidly for brief
periods around an average value. The quick growth seen in
the first 30 ps to 40 ps is transient and related to the water
molecules’ rotational relaxation at the interface. Subsequent
crystal formation occurs more slowly and exhibits larger size
fluctuations. The initial transient does not influence growth
rates to any substantial extent, as these growth rates were esti-
mated from post-transient data. It was discovered that the crys-

tallite grew at an average rate of about 0.32 water and 0.045

550
500
450
400 -
350
300
250
200

Nu,o

600
550 F
500 -
450
400
350 F
300
250
200
600
550}
500}
450}
400}
350}
300F
250
2000

Nu,0

0 100 200 300 400 500

Nu,o0

100 200 300 400 500
Time (ps)

Fig. 1. Hydrate-cluster size as a function of time for the 2288-molecule
system in the NPT ensemble for systems (a) 1, (b) 2, and (c) 3.

methane molecules per picosecond. The growth process can
be better understood by using computer graphics to visualize
hydrate configurations over time. Figure 3 shows snapshots of
hydrate clusters for the 9 A crystallite at various stages of the
simulation. Fluctuations in hydrate-phase classification during
the simulations cause variations in the cluster sizes and struc-
tures in the snapshots. The freshly bonded hydrate structures
exhibited some deformation compared to the initial nanocrys-
tal template. The stabilization of the hydrate cavities depends
on the diffusion of methane and water molecules. Individual
cages are completed and consolidated to produce growth.

400

350+

300+

o L
= 250

200t

1507,

100

50

0 100 200 300 400 500
Time (ps)

Fig. 2. Hydrate-cluster size as a function of time for the 2275-molecule
system in the NPT ensemble.

Following the initial transient phase of molecular realign-
ment at the interface, the NPT size-time results for the three
systems containing 2288 molecules each show comparable
crystal growth rates. On systems 2 and 3, however, the cluster
size-time data clearly show the effects of NVT melting. The
number of enclathrated water molecules affects reorientational
relaxation during the first phase, indicating variations between
the systems.

Radial distribution functions (RDFs) for water—water
site—site interactions are shown in Fig. 4 at different points
during the crystallization process, averaged for the systems
containing crystallites with a radius of 12.5 A. The times of
2 ps, 6 ps, 58 ps, and 500 ps correspond to the centres of
the four-period sampling windows used to compute the RDFs.
As time progresses, it is evident that the peak structure in the
water—water RDFs becomes more prominent; that is, the prin-
cipal and secondary peaks increase in height, and the troughs’
depths also increase correspondingly. As water molecules are
incorporated onto the initial nanocrystal template, the number
of hydrogen bonds in the system increases, as illustrated using
the 9 A-radius crystallite as an example. Given the larger dif-
ferences in RDF results at earlier times, it is easy to observe the
early rapid crystal “growth” resulting from the reorientation
of water molecules in the liquid phase at the interface. There-
fore, the RDFs provide only a qualitative indicator of changes
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in system structure induced by hydrate formation. This is ex-
pected, since 80-90% of the molecules in the system remain

in the liquid state.

(a) (b)

= &I )

i

t=1 ps t =150 ps

(0) (d)

t =150 ps t =500 ps

Fig. 3. Snapshots of the cluster configurations for the 9 A nanocrystal.
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% 1.5 —meme 500ps
Fq\
o0 1.0+
0.5¢ 1
O T X 1 - 1L
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r (A)
Fig. 4. Intermolecular (a) oxygen-hydrogen and (b) hydrogen-hydrogen
PDFs between water molecules at various stages of NPT crystallisation
simulation for the 2288-molecule system 1.
The trajectories of the total-system potential energy for
the 2288-molecule systems 1 & 2, as well as for the 2275-
molecule system (initially containing the smaller 9 A crystal-
lite), are depicted in Fig. 5(a). The corresponding water—water
component?>3% trajectories are shown in Fig. 5(b). A dra-

matic decrease in the system potential energy occurs during

the early part of the simulation, corresponding to interfacial
reorientational relaxation: the main energetic stabilization in
the system’s structure arises from the water—water distribu-
tions (as a consequence of relaxation), which mirrors the for-
mation of hydrogen bonds (as visualized in Fig. 3 and also
in the water—water “RDF sharpening” shown in Fig. 4). In
Fig. 5, the results are similar for both crystallite sizes; there-
after, the rate of potential-energy stabilization is more modest,

commensurate with the slower rate of hydrate formation.

—8.8 |
Té —9.0 _(a) 12.5 A crystal (system 1, NPT)
>~ 12.5 A crystal (system 2, NPT)
g —9.2f
2 0 A crystal (system 1. NPT)
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& .
Q
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: ad, “m! " ! I L ™ i
£ —10.0} WA
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—8.2 -
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QO ~
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- QO
O M |
b5 T 9.0
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§ % —9.2+ '?"".I-ﬂl‘“”g.“ Eains bl e g
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g —9.4 R, L R .‘-.,‘.»\m.mw:’hﬂ
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Time (ps)
Fig. 5. (a) Total potential energy for zero-field crystallisation simulations
0. (b) Water—water potential energy for zero-field crystallisation simula-
tions
Aside from the 2275-molecule system in the NPT ensem-
ble (containing the smaller initial cluster), the time variation of
the average molecular dipole moment of the water molecules
is shown in Fig. 6, defined as the average of the dipoles of indi-
vidual molecules, which fluctuate in time and space according
to the electronegativity-equalisation paradigm.?%! This system
contains a nanocrystal with an initial radius of approximately
12.5 A. The increasing number of water molecules in the more
energetically stable hydrate configuration raises the average
dipole moment, arising from the greater separation of charge
between the oxygen and hydrogen atoms. This results in a
significant increase in the dipole moment, which rises from
about 2.7 D to 2.82 D in the first 60 ps of the runs. As crystal
formation progresses, the average molecular dipole moment
continues to grow. As expected, the dipole moment is slightly
smaller for the 2275-molecule system, where more molecules

remain in the liquid phase.
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The number of hydrogen bonds in the system, accord-
ing to the Luzar—Chandler criteria, is illustrated in Fig. 7 for
the same three systems. For the 1949 water molecules in the
2288-molecule system, a reasonable maximum number of hy-
drogen bonds is 1949 x 2 = 3898. Similarly, it would be 3888
hydrogen bonds for the 1944 water molecules in the 2275-
molecule system. The number of hydrogen bonds increases
from about 3500 to slightly over 3700 in the first 50 ps, as
the water molecules near the interface relax and adopt orien-
tational configurations closer to those of the hydrate state. It
is apparent from the number of hydrogen bonds present, i.e.,
3500 up to almost 3800, that the majority are still in the lig-
uid phase. Nevertheless, the increase in the number of hy-
drogen bonds indicates hydrate formation. As with the aver-
age molecular dipole moment, the number of hydrogen bonds
is marginally lower for the 2275-molecule system, containing
the smaller initial hydrate cluster, as expected.

2.90
>
2 285} ot
£ ’ rmmw e
2 2.80rF
(]
8
g 2.75 12.5 A crvstal (system 1. NPT)
'ﬂ‘o') 12.5 A crystal (system 2, NPT)
Q_’ 2.70 [
a 9 A crystal (system 1. NPT)

| . . . .
2'650 100 200 300 400 500
Time (ps)
Fig. 6. Molecular dipole moment for zero-field crystallisation simula-
tions.
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,: |
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E 35001 12 5 A crystal (system 2. NPT)
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Z

34000 100 200 300 400 500

Time (ps)

Fig. 7. Number of hydrogen bonds for zero-field crystallisation simula-
tions.

For NNPT simulations in external fields with E;,s <
0.1 V/A, no crystal dissolution was observed during NNPT
runs using system 1 as the initial configuration. Further, longer
simulations were performed below this threshold, and dissoci-
ation was not observed; since this external-field force is only
a few percent of the intrinsic forces experienced in clathrates,
this is understandable in terms of a reduced ability to disrupt
the hydrate cages (i.e., much smaller than the forces of hy-
drogen bonds). To test this threshold level per se, simulations

were also conducted at 0.12 V/A, and it was found that this ex-
ceeded the threshold, i.e., dissociation did occur. In Figs. 8 and
9, the sizes of the hydrate cluster as a function of time are pre-
sented in terms of the number of enclathrated water molecules,
along with the corresponding zero-field data. Corresponding
regression lines during the first 30 ps of interfacial realignment
are shown, with smoothed lines thereafter for low r.m.s. field
intensities (0.04 V-nm~! and 0.08 V-nm~!) and for 1 V-nm™!,
respectively. Reference to the size—time data in Figs. 8 and 9
shows that the application of these lower-intensity fields (i.e.,
those with E,s < 0.1 V/A) results in less obvious changes in
the hydrate-cluster growth characteristics, although subtle ef-
fects are present.
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Zero-field
© 500 7500 GHz. 0.004 V/A
b= 7300 GHz, 0.008 VA
g 450¢ il A
'a by b i A
< 400}
= :
w 350 ||
—
Bt
§ 300
S 950 Zero-field )
S ——— 7500 GHz, 0.004 VA
Z, 2008 e 7500 GHz. 0.008 ViA
7500 GHz. 0.1 V4
150 . . =
0 100 200 300 400 500
Time (ps)

Fig. 8. Hydrate-cluster size as a function of time for system 1 (NNPT)
for zero-field conditions and for 7.5 THz fields.
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Time (ps)
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Fig. 9. Hydrate-cluster size as a function of time for system 1 (NNPT)
for zero-field conditions and for 100 GHz fields.

It should be noted that the inclusion of regression curves,
in some cases, suggests that the growth rate in the presence
of certain fields is actually enhanced vis-a-vis zero-field for-
mation, although this was not found to be statistically sig-
nificant according to student’s t-tests. The increased diffu-

sivity of water and methane molecules in e/m fields!!>!

may
result in easier liquid-phase orientational and interfacial relax-
ation, facilitating enhanced interfacial molecular mass trans-

fer without compromising the cage stability in the crystallites
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at lower-intensity e/m fields. It appears that weaker fields do
not exert sufficient rotational force on the water molecules
to significantly disrupt the hydrogen-bonding network in the
nano-crystallite cages, based on the experience of pure lig-
uid water NNPT simulations;[' r.m.s. field strengths of about
0.5 V-nm~! were required at 298 K before any significant ac-
celeration in hydrogen-bond kinetics and molecular mobility
was observed. !5

In this case, however, the system is non-equilibrium and
two-phase, at the lower temperature of 220 K and higher pres-
sure of 600 bar. Therefore, the ‘cut-off” field intensity above
which the stronger hydrogen-bond network in the clathrate
phase would be sufficiently disrupted to bring about disso-
lution within the simulation timescale would be expected to
be higher than 0.5 V.-nm~!. We have used velocity randomi-
sation to supplement two additional runs in selected in-field
simulations. Table 3 shows the uncertainties in the slope of
the growth-rate fits.

Table 3. Selected growth rates uncertainties of post-transient
regression-fit slopes (in % of rate).

100 GHz, 0.1 V/A 12.3
100 GHz, 0.004 V/A 17.4
7500 GHz, 0.1 V/A 21.2

In Figs. 10 and 11, hydrate clusters at different phases of
the simulations with 0.1 V/A fields present at 100 GHz and
1000 GHz, respectively, are shown in a series of snapshots.
It was found that the newly attached hydrate structures were
deformed to some extent relative to the original nanocrystal
cluster, in a manner analogous to zero-field growth (cf. Fig. 3).
To assess the geometrical shape of the growing hydrate cluster
and to investigate any possible anisotropy in the growth pro-
cess, the aspect ratios of the hydrate crystal were calculated.
These were defined as the ratios of the maximum ‘diameters’,
i.e., the distances between the most ‘positive’ and ‘negative’
coordinate components of crystal-phase molecules in the x, y,
and z directions.

The z/x, z/y, and x/y ratios for the two runs in the pres-
ence of the 0.1 V/A fields at 100 GHz and 1000 GHz are pre-
sented in Figs. 12 and 13, respectively, along with the zero-
field results for system 1. Such a definition obviously results
in considerable statistical scatter: the ratios fluctuate signif-
icantly about unity, due to the magnitude of instantaneous
phase-classification oscillations at the interface being of the
order of a water-molecule diameter (e.g., about 3 A), which
constitutes a substantial fraction of the cluster diameter (i.e.,
circa 25-30 A). Nevertheless, it appears that the in-field ra-
tios are enhanced vis-a-vis the zero-field cases, showing some
level of elongation and anisotropy for “directed crystallisa-
tion” in the 0.1 V/A fields. Two slightly longer in-field simula-
tions were run up to 250 ps for selected intensities and frequen-

cies, and it was found that the fits did not change significantly,

so that the original conclusions remain largely unchanged.

t =150 ps t =500 ps

Fig. 10. Snapshots of the cluster configurations for system 1 in the NNPT
ensemble, in the presence of a field of 100 GHz/0.1 V/A.

=1 ps

t =150 ps t =500 ps

Fig. 11. Snapshots of the cluster configurations for system 1 in the NNPT
ensemble, in the presence of a field of 1000 GHz/0.1 V/A.

Site-site PDFs are depicted in Figs. 14 and 15 for the
water—water interactions at various stages throughout the crys-
tallisation of system 1 in the 100 GHz/1 V.-nm~! field. The
PDFs were sampled over three-period windows. The reported
times of 2, 6, and 58 ps roughly align with the centers of
specific sampling periods (refer to Figs. 14 and 15), allowing
easier comparison with the zero-field PDF results obtained at
comparable times (refer to Fig. 4).

It is evident that, at a particular simulation time, the
peak structure of the PDFs is less prominent when the
100 GHz/0.1 V/A field is present. This indicates an effect
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of the field on the hydrogen-bonding structure of the wa-
ter molecules: hydrogen bonding is slightly disrupted, pre-
dominantly in the liquid phase, but not sufficiently to dis-
turb the hydrogen-bonding network in the crystal phase (at
least over the timescale of the simulation). No significant
changes were observed for Eyyg < 0.1 V/A. In the case of the
1000 GHz/0.1 V/A field, which has the same RMS intensity as
the 100 GHz/0.1 V/A field, the frequency of the applied field
(corresponding to a period of 1 ps) appears to be too high to al-
low the dipoles of the water molecules sufficient time to rotate
fully in response to the field, thus having no real effect on the
structure in the surrounding liquid. No significant effects on
the water-methane or methane-methane PDFs were observed.
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Fig. 12. Hydrate aspect ratios as a function of time for system 1 (NNPT)
for zerofield conditions and for a 100 GHz/0.1 V/A field.
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Fig. 13. Hydrate aspect ratios as a function of time for system 1 (NNPT)
for zerofield conditions and for a 1000 GHz/0.1 V/A field.

The main field effects on the energetic stabilization of the
system were manifested primarily in the water—water interac-
tions. The 100 GHz/0.1 V/A field resulted in an average in-
crease in the water—water potential energy by 0.4 kcal/mol,
whilst the 1000 GHz/0.1 V/A field led to an increase of about
0.15 kcal/mol. The potential energy of the applied electric
field, Ug(t), is given by

Ug(t)=—M -E(t) = —M,E(1), 4

where M is the total dipole moment vector of the system. This
explains the periodic oscillations in the water—water (and total
system) potential energy for the 100 GHz/0.1 V/A field, with a
period of 10 ps. In the case of the 1000 GHz/0.1 V/A field, the
period of 1 ps was insufficient to allow appreciable rotational
alignment of the water molecules, resulting in less increase
in potential energy. Little change was observed in the water—
methane and methane—methane potential energy components
in the presence of the fields. No significant changes in the
energy stabilization characteristics were observed for weaker
fields. A decline in the average molecular dipole moment of
about 0.03 D (less than 1%) relative to the zero-field value (cf.
Fig. 6) was noted, while the 1000 GHz/0.1 V/A field had no
appreciable effect. Fields with Eyps < 0.1 V/A did not alter
the system or molecular dipole moments.

3.0 T T T :
——  Zero-field, 2ps
2.5¢ ; Zero-ficld, 6 ps
———  Zerofield, 38 ps
2.0} i — 100GHz/0.1V/A 2ps
Lol o 100 GHz /0.1 VIAL 6 ps
%I 1.5} 1 [\ ——— 100GHz/01V/A S8ps |
o0 1 ‘
1.0r Iﬁ I o e SRR
, .
% 8 10 12
T (A)

Fig. 14. Oxygen-hydrogen PDF between water molecules at various
stages of NNPT crystallisation for system 1 under zero-field conditions
and for a 100 GHz/0.1 V/A field.
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Fig. 15. Hydrogen-hydrogen PDF between water molecules at various
stages of NNPT crystallisation for system 1 under zero-field conditions
and for a 100 GHz/0.1 V/A field.

The number of hydrogen bonds decreased by approxi-
mately 100 in the 100 GHz/0.1 V/A field, i.e., a reduction of
less than 3% relative to the zero-field value, subject to oscil-
lations commensurate with the field periodicity (10 ps) with
amplitude of about 30-40. Since the number of molecules
in the clathrate phase is very similar for the zero-field and
100 GHz/0.1 V/A cases, and the hydrogen bonding in the
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hydrate phase is highly regular, the decrease occurs primar-
ily in the liquid phase. This reduction arises from contin-
ual rotational realignment of water molecules in the liquid
phase, which temporarily breaks additional hydrogen bonds;
the periodicity in the number of hydrogen bonds reflects
the oscillations in the instantaneous electric field intensity,
and hence the rotational force on the water molecules. The
1000 GHz/0.1 V/A field led to a decline of about 50 hydrogen
bonds, but with less pronounced oscillations. No changes in
the progression of hydrogen bonds were observed for lower-
intensity fields.

4. Conclusions

For hydrate nano-crystallites, ~ 1 V-nm~! appears to in-
duce the onset of e/m-shifted crystallisation, with little appre-
ciable effect observed for lower-intensity fields relative to the
zero-field case. A systematic frequency dependence of water-
dipole alignment with the external field was observed, provid-
ing a mechanistic rationale for dipole direction/magnitude and
hydrogen-bonding shifts. Ref. [15] established that e/m fields
slightly above this intensity (approaching 1.5 V-nm~') typi-
cally lead to hydrate “electro-dissociation” within timescales
of nanoseconds, with similar values for externally applied
static electric fields.!!7-18]

Importantly, a polarisable water model was employed to
represent the response of water molecules to externally ap-
plied e/m fields, allowing near-instantaneous electron-density
rearrangement and fluctuations to be modeled rigorously (e.g.,
for sub-picosecond Terahertz frequencies) within the Born—
Oppenheimer approximation, as the electronic ground state is
considered.

Naturally, e/m-field-controlled crystallisation is expected
to have many technological benefits, for example in semicon-

ductor manufacture and polymorph control.[3]
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