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1. Calculation of gas hydrates

1.1 The interaction potentials of molecules

There are three types of molecules in this study: CH,4, CO; and H,O; therefore, the interaction
potentials should capture the H,O-H,0, CH4-CH,4, CO,-CO,, H,O-CH,4, H,O-CO, and CH4-CO,
interactions. The intermolecular interaction potential used in this study is a Lennard-Jones (LJ)
site-site potential plus Coulombic interactions. The standard Lorentz-Berthelot rules, &;=(g;¢;)">
and o;7~(0,+0;)/2, were used to derive the LJ potential parameters between unlike atom-types.
¢; and oy are the energetic and size parameters of the LJ interaction between sites 7 and j,
respectively!.

1.1.1 Host-host interaction water models. Many different water models have been used in
molecular simulations. These models can be classified by the number of points used to define
the model (atoms plus dummy sites), whether the structure is rigid or flexible, and whether the
model includes polarisation effects. The water model selected eventually depends on the
application. Most cases of gas hydrate simulations have used SPC/E and 4-site water potentials.
These models are rigid and non-polarisable. The simple 3-site SPC model? for the water-water
potential was used in the first MD simulation on gas hydrate?. Later, the SPC/E*, TIP3P and TIP4P>,
TIP4PEw®, TIP4PIce’, TIP4P20058, TIP5SP® and TIPSPEw!® models were used!!-1¢, and a 6-site water
model was also used!’-18. We tested the eight mentioned models, which are all rigid models. Table
S1 provides a comparison of the force field parameters. The polarisable water models are more
successful at reproducing experimental data than are rigid models'>-?!; however, the computer
time needed to use them becomes unreasonably large. This disadvantage restricted our selection

to these rigid models.



The eight popular rigid water models selected here to describe the water-water interactions all
contain a LJ potential for the oxygen-oxygen interactions and a Coulombic term for the
electrostatic interactions between all charged sites. SPC/E and TIP3P are 3-site models that have
three interaction sites, corresponding to the three atoms of the water molecule. Each atom is
assigned a point charge, and the oxygen atom has LJ interactions. The 3-site models are popular
in MD simulations because of their simplicity and computational efficiency. These models result
in larger differences with the thermodynamic properties of water observed in experiments?.
TIP4P, TIPAPEw, TIP 4PIce and TIP 2005 are 4-site models, in which a dummy atom is placed
near the oxygen along the bisector of the HOH angle, which improves the charge distribution
around the water molecule. Compared with the 3-site models, the 4-site models can provide
reasonable structural and thermodynamic descriptions of liquid water>. TIP4P is often used for
the simulation of biomolecular systems, and the TIPAPEw model is a reparameterisation of
TIP4P for use with Ewald sums and provides an overall global improvement in water properties
compared with the TIP4P model. TIP4PIce can yield an excellent melting temperature of
hexagonal ice [, at 1 bar’. TIP4P2005 provides excellent performance for most of the water
properties investigated, and the departures from the experiment for other properties are well
balanced and justified®. TIP5P can better reproduce the temperature of the maximum density of
water, and the TIPSPEw model is a reparameterisation of TIPSP for use with the Ewald
summation®-10,

Table S1: Intermolecular potential parameters for the water models used in this study.

Model &/k (K)* a(A)? q (e o' low (A)¢ ZHOH (°)/
SPCE* 78.200 3.166 ~0.8476(¢0) 0.4238(¢gH) 1.0000 109.47
TIP3PS 76.540 3.151 -0.834(¢0) 0.417(gH) 0.9572 104.52
TIP4PS 78.000 3.154 -1.04(gM) 0.52(qH) 0.9572 104.52
TIP4Pew® 81.900 3.164 -1.04844(gM)  0.52422(qH) 0.9572 104.52
TIP4Pice’ 106.100 3.167 -1.1794(gM) 0.5897(qH) 0.9572 104.52
TIP4P2005% 93.200 3.159 -1.1128(gM) 0.5564(qH) 0.9572 104.52
TIPSP? 80.515 3.120 -0.241(qL) 0.241(gH) 0.9572 104.52
TIPSPew!0 89.573 3.097 -0.241(qL) 0.241(gH) 0.9572 104.52

@¢/kp is the energy parameter of the LJ potential.
bg is the size parameter of the LJ potential.

¢ q (e) is the negative charge, which is placed on the oxygen atom for the 3-site models (¢O), or a dummy atom labelled
M (¢gM) for the 4-site models and/or two dummy atoms labelled L (gL) for the 5-site models. The two dummy atoms
represent the lone pairs of the oxygen atom and are located in a perpendicular plane to the HOH plane, forming an angle
of ZqOg=109.5° and a O-q distance of /,,= 0.7 A.

40*(e) is the positive charge placed on the two hydrogen atoms (gH).

¢ lon is the O-H bond length.

/' ZHOH is the HOH bond angle.



1.1.2 Guest-guest interaction CH, and CO, potentials. For guest-guest interactions, several models
have been proposed for the LJ potential for CH,. The simplest is a single-site LJ potential®. A united-
atom carbon-centred LJ potential based on optimised potentials for a liquid simulation (OPLS-UA)
force field*? has been used in many hydrate simulations?9-21-23-26, Later, a united-atom potential for CH,
was proposed by Goodbody et al?” and used in the MD simulations of gas hydrate nucleation'?. In fact,
the CH, potential by Goodbody et al. and the TraPPE force field for CH4 have almost the same values
of potential parameters compared with the OPLS-UA potential for CHy. Tse et al. first introduced a
single-site LJ potential® and later a five-site rigid potential (also called TKM-AA)?® for CH, with a C—
H bond length of 1.094 A in which electrostatic charges are assigned to all atoms but carbon is
considered to be the sole interaction centre for LJ interactions?. This potential was adopted in several
MD simulations of gas hydrate stability, formation and dissociation?8-3°, Other five-site LJ potentials
for CH, are the Williams potential®! and the Murad and Gubbins potential®2. In this work, we employed
the OPLS-UA potential and the DACNIS united-atom (DACNIS-UA) CHy potential for alkanes in
nanoporous materials proposed by Martin et al.® to achieve relatively rapid calculations. We
simultaneously adopted the full-atom TKM-AA potential for comparison. The rigid three-site TraPPE4,
EPM and EPM2 potentials® were selected for CO,. The values of the parameters for the three CH, and

CO; intermolecular potentials are listed in Table S2.

Table S2: LJ interaction parameters and partial charges for CH, and CO, molecules.

Model Atom e/k (K) o (A) q(e)*
OPLS-UA22 CH,4 147.947 3.730 0
DACNIS-UA33 CH,4 158.500 3.720 0
C (CHy) 164.172 3.640 -0.560
TKM-AA28
H(CHy)  0.000 0.000 +0.140
C (COy) 27.000 2.800 +0.700
CCCTraPPE3*
0 (COy) 79.000 3.050 -0.350
C(COy) 28.999 2.785 +0.6645
EPM35
0 (COy) 82.997 3.064 -0.33225
C (COy) 28.129 2.757 +0.6512
EPM2 35
0 (COy) 80.507 3.033 -0.3256

g (e) is the positive or negative charge that is placed on the corresponding atom of the CH, and CO, molecule
The TKM-AA is an all-atom potential that places partial charges on the CH4 atoms to reproduce the
experimental gas phase octopole moment of CH,4 and assigns a LJ potential to the central carbon of CHy
and no LJ interactions to the hydrogen atoms. The TraPPE CO, force field has three Lennard-Jones sites
that model the overlap and dispersion interactions. Partial point charges are centred at each LJ site to
approximate the first-order electrostatic and second-order induction interactions®¢. These two all-atom
potentials for guest-guest interactions are both based on a rigid geometry. In MD simulations with the

TKM-AA model, the bond lengths and angles of CH, are constrained to their experimental values, i.e.,



the bond length is 1.09 A, and the bond angle is 109.471°. With the TraPPE CO, potential, the C-O
bond length and O-C-O bond angle are fixed at 1.149 A and 180°, respectively. The SHAKE algorithm3’
was used to handle these constraints in the MD simulations.
1.2 Computational procedure

MD simulations were performed with the eight water models combined with the three CH, interaction
potentials in order to evaluate the ability of the model pairs to predict stable sI CH4 hydrates. These tests
were performed at 271.15 K (-2 °C) and 5 MPa. For each pair of interaction potentials, we obtained the
lattice parameters and configurational energy of the sI CH, hydrates as a function of time. The NPT
ensemble simulations were run for 5 ns and were divided into blocks of 1 ns to assess the statistical
errors using block averages. It was also verified whether or not a stable hydrate state was obtained by
investigating the atomic RDFs. Here, the microstructure of the hydrate is mainly described by the host’s
RDF gpo(r) and the guest’s RDF gc(r), where O is the corresponding oxygen site and C denotes the
guest’s centre of mass, i.e., the carbon site. The NVT ensemble simulations were performed to calculate
RDFs for system configurations before and after the NPT simulations. The NVT ensemble simulations
were performed for a total time of 1 ns, with 0.5 ns used for temperature-scaled equilibration. The
calculated results showed RDF shapes which were expected from experimental results and other MD
simulations, except for the case of TIP3P. The first two peaks of gpo(r) are at approximately 2.78 A and
4.5 A, indicating the existence of tetrahedral hydrogen-bonding structures of H,O molecules in CH,
hydrates (Figure S1). However, the peaks of ggo(7) in TIP3P are the typical case of water, and the peaks
of gce(r) are also different from the other seven water models, namely a 3 A-length left-translation. All
characteristics in the RDF of the TIP3P water model imply that the structure is not a hydrate but has the
structure of a hydrate that has decomposed (Figure S2). These results reveal that, except for TIP3P,
seven water models and three CH,4 potentials can each describe the corresponding hydrate structures
under conditions of hydrate stability.
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Figure S1: Radial distribution models goo(r) and gee(r) of TKM five-site CH, hydrates with different water models
(271.15 K and 5 MPa).
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Figure S2: snapshots of fully-occupied methane hydrates described by (a) TIP3P water model, where the methane

hydrate decomposes at the end of the simulation; (b) TIP4P2005 water model, where the methane hydrate keeps stable.

1.3 Properties of gas hydrates calculated by the fluctuation method
The fluctuation method for calculation of compressibility, expansion and heat capacity of gas

hydrates is derived from Ref. 38:
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where k7 is the isothermal compressibility coefficient, Pa-'T is the temperature, K; P is the pressure,
MPa; V is the volume, A3; kg is Boltzmann’s constant and equal to 1.38x10-23 J/K; U is the potential
energy, J; Cp is the heat capacity, J/K;. i is the number of degrees of freedom (DOF); and N is the
number of molecules.

We adopted different simulation times and identified that the calculated properties do not change with
time after 7 ns (Figure S3A). The thermal expansion coefficients at different temperatures and 20 MPa

hardly change with time for simulations of 7 ns. Therefore, 7 ns was used as the final simulation time.
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Figure S3: (a) Computed thermodynamic properties as a function of the time of the MD simulation for 100% CO, at 20

MPa and 5K; (b) Thermal expansion coefficients at different temperatures and 20 MPa when simulation time was 3 ns

(bottom) and 7 ns (top)..

For calculation of the heat capacities of CH, and CO,; hydrates via Eq. (S3), we observe that higher
temperatures allow for a larger number of DOF of water molecules in hydrates. For example, at 271.15
K, i=3 results in a value of ¢, closer to those reported in literature. However, at lower temperatures, i=0
is more suitable (Figures S4-5). Hydrate proton NMR analysis and dielectric constant measurements
have suggested that at very low temperatures (<50 K), water molecular motion is “frozen in” so that
hydrate lattices become rigid. The reorientation of water molecules is the first-order contribution to
water motion in the structure; the second-order contribution is due to translational diffusion at these low
temperatures. The rate of molecular water diffusion may be as much as two orders of magnitude slower

in sI methane hydrate than in ice. This finding is one distinguishing feature differentiating between

hydrates and ice®.
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Figure S4: Pressure dependence of the specific heat capacity of fully occupied CH, at 271.15 K by using different

degrees of freedom for the water molecule.
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Figure S5: Temperature dependence of the specific heat capacity of fully occupied CH, at 20 MPa by using

different degrees of freedom for the water molecule.

2. Calculation of liquid water

The first model for liquid water is a cubic box with cell length of 20.0 A that contains 216 water
molecules. The TIP4P/2005 and TIP5P water models were selected. Our simulation results show that
the calculated density of 0.9972 g/cm? from the TIP4P/2005 water model is very close to the
experimental value of 0.9970 g/cm3*? and the computed value of 0.9979 g/cm3#*. Therefore, we finally
selected TIP4P/2005 as our water model and use its structure as our basic water structure. To consider
the effect of periodic boundaries, we extended the system to a 2x2x2 supercell containing 1728 water
molecules (Figure S6). The following computational parameters for this large system were used: cutoff=
12.0 A, standard L-J potential for intermolecular interaction, P=0.1 MPa, T=298 K, NPT ensemble,

rigid molecule, computation time=3 ns, equilibrium time=0.5 ns.
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(a) Basic structure of liquid water (b) 2x2x2 supercell (c) Variation of lattice parameter
after 0.5 ns equilibrium time.
The average value is 37.2935 A
Figure S6: Final structure and lattice of liquid water. The O and H atoms are colored red and white, respectively.

The calculated density of the system with 1728 water molecules is 0.9961 g/cm?3, which is close to



the experimental value of 0.9970 g/cm3#3. The RDFs are also similar to experimental results*® (Figure

S7).
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Figure S7: calculation in this work and experimental RDFs of liquid water

Therefore, the simulated structure of liquid water is very close to the actual structure of liquid water.
We used Egs. (S1)-(S3) to calculate the compressibility, expansion coefficient, and heat capacity of
liquid water, respectively. All our results are close to experimental or other calculated values (Table
S3).

Table S3: Calculated and measured properties of liquid water.

Parameter This work Experiment *3/calculation 4
Br (Pa) 4.64% 1010 4.58x 10-19/4.65 x 10-10
a, (K1) 2.25% 10+ 2.57x104/2.8 x 10*

72.18(DOF=3) 72.0/75.6

¢y (J mol! K1)
80.92(DOF=6) 81.6+2.8 4543

3. Calculation of solid ice Ih

We further simulated solid ice 7, to reveal that the degree of freedom may be related to the phase of
water molecules when heat capacity is calculated by the fluctuation method (Eq. (S3)).

The solid ice I, model was a hexagonal box containing 96 water molecules (Figure S8). The water
model TIP4P/2005 was selected. The following calculation parameters were used: NPT ensemble, rigid
molecule, computation time=3 ns, equilibrium time=0.5 ns, cutoff= 5.0 A, standard L-J potential, P=0.1

MPa, T=273.15K, 253.15K, 233.15K, 213.15K.



Figure S8: Structure of ice /,. The O and H atoms are labelled in red and white, respectively.

The simulation results, including densities, structure, RDFs and heat capacity, are listed in Table S4.

Table S4: Calculated and measured densities of ice /.

Temperature (K) 213.15 233.15 253.15 273.15

Density(g/cm3)-calculation 0.926 0.922 0.919 0.916

Density(g/cm3)-experiment 4 0.922 0.921 0919 00916

The calculated density of the system with 96 water molecules is close to the experimental value>
(Table S4), as are the RDFs at the same conditions (Figure S9). Therefore, our structure of ice /, is very
close to the actual structure of ice Th. Then, we used Eq. (S3) to calculate the heat capacity of ice 7, (=0,
3, 6). The results are closer to the reported values®! when the degree of freedom is lower (Figure S10).
Although the data of ¢, is scattered, but general trend is clear. Therefore, when using the fluctuation
method to calculate the heat capacity of a water-related system, perhaps the temperature-related phase

of the water molecules should be considered in order to reproduce results close to experimental values.
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Figure S9: Calculated RDFs of ice 7,
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Figure S10: Calculated and reported heat capacity of ice 7,
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