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Supplemental Material 
 

Algorithms 
 

1. Algorithm to calculate density profiles for confined methane molecules in the direction 
perpendicular to the methane – water interface. 

 

Figure S1. Schematic diagram describing the algorithm for the calculation of the distance of a methane molecule 
from a rugged methane – water interface. 

 

Implementing the algorithm proposed Berkowitz et al.1, we calculated the perpendicular distance d 
between one methane molecule in Region I and II and the rough methane – water interface through these 
steps: 

a. The coordinates of the water oxygen atoms at the interface are projected onto the X = 0 plane. 
b. The coordinates of the methane molecules are projected onto the X = 0 plane. 
c. A methane molecule is associated with the closest water oxygen atom at the interface.   
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d. The distance d perpendicular from the rough interface is the distance between the X 
coordinate of the methane molecule and that of its associated water oxygen atom. 

 

2. Methane solubility in liquid water  

The methane solubility in water in Region I is defined as the ratio of the density of CH4 molecules in the 
direction perpendicular to the methane/water interface as Figure 2 (d = ~-29 to ~-15 Ȧ) to the density of 
water oxygen atoms in the X direction through silica pore, as shown in Figure S2 (x = 15 to 29 Ȧ) . The 
following equation is used: 
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3. Pressure tensor in the pore 

To evaluate the local pressure tensor inside the slit-pore, we calculated the local tangential component of 
the pressure tensor Pxx perpendicular to the methane-water interface. We conducted these calculations in 
the region ‘deep’ into the pore, far from both the pore-bulk and methane-water interfaces. The following 
equation is derived by Walton et al.2 for an infinite interface in the x-y plane: 
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In this equation A is the surface area within which averages are computed, θ(x) is the unit step function, 
and xij, yij, zij are components of the intermolecular separation vector rij. We computed the pressure tensor 
every 0.1 Ȧ along the z-axis of the slit-pore. We point out that Long et al.3 recently employed this method 
for calculating the pressure tensor for argon within slit-shaped carbon pores.  

 

4. Excess chemical potential 

Initially, we conducted simulations at 300 K for bulk liquid water and liquid water confined in the silica 
pore without methane to create configurations for the Widom insertion method.4 In the Widom insertion 
method, after inserting a methane molecule at a random position in the systems, we calculated exp(-βΔU), 
where ΔU is the potential energy difference between the systems before and after adding a CH4 molecule, 
ΔU = U(Ntot + NCH4) – U(Ntot), with NCH4 = 1. The excess chemical potential is an average over all the 
configurations, defined as: 
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In the prior equation k is the Boltzmann constant, T is the absolute temperature of the system, β = 1/kT, V 
is the volume of the system, and 〈…〉 indicates an ensemble average. 

 

5. F4 structural order parameter 

The F4 structural order parameter developed by Rodger et al.5 is used to describe the local arrangement of 
water molecules at different positions during our simulations. The F4 order parameter is based on the 
H-O…O-H torsion angle, φ, for two next-neighboring water molecules: 

φ3cos4 =F  

In this equation φ is the dihedral angle between the vector OH of a given water molecule and the vector 
OH of another water molecule found within 3.5 Ȧ from the first water molecule.6 Note that all the water 
molecules considered for this calculation are found within 5.45 Ȧ from a methane molecule (they belong 
to the methane hydration shell). The hydrogens considered are the outer-most ones for each water dimer. 
The distance of 3.5 Ȧ is consistent with the first minimum in the water oxygen – water oxygen radial 
distribution functions gOO(r) in liquid water.7 The order parameters were obtained as average over all 
possible angles correlated with a given water, and then over all water molecules in a hydration shell.  

  

Results 

1. Water density profiles in the X direction inside the pore 

 

Figure S2. Density profiles of water oxygen atoms as a function of distance x through the silica pore. The results are 
obtained from seven simulation systems. The reference (x =0) is the plane located at the position of the pore 

entrance (left side). 
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In Figure S2, we report the results of water oxygen density profiles as a function of distance x through the 
silica pore when the bulk pressure increases. The reference (x = 0) corresponds to the plane located at the 
pore entrance (left side). The results in Figure S2 indicate that generally the increase of the bulk pressure 
of the system does not impact the structural properties of water molecules.  

 

2. Pressure Tensor in the Pore 

 

Figure S3. Tangential pressure tensor profiles for seven methane-water systems confined in the silica pore at 300K. 

 

In Figure S3, the results for tangential pressure tensor Pxx as a function of the distance z across the silica 
pore are shown for seven simulated systems. Generally, as the bulk pressure increases, the tangential 
pressure tensor Pxx inside the pore also increases. Our results show that, unexpectedly, as the bulk 
pressure increases from 18.94 to 22.79 MPa, the tangential pressure tensor Pxx decreases slightly.  

 

3. Excess Chemical Potential 

In Table S1 we report the results of the excess chemical potential for methane in bulk liquid water and in 
confined liquid water. Our calculations in bulk water are in good agreement with literature simulation 
data.4,8 Our data show that the excess free energy for methane in bulk liquid water is higher than that for 
methane in confined liquid water, which is consistent with higher solubility predicted for methane in 
confined versus in bulk water.  
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Table S1. Excess chemical potential for methane in bulk and confined liquid water at 300K. 

System Excess Chemical Potential ( kJ/mol) 
CH4 in Bulk Water  9.31 

CH4 in Water confined in SiO2 Pore 8.77 
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