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The adsorption interaction between a water cage and a methane molecule, shown by the cage-methane
PMF (potential of mean force), is key to understanding hydrate formation mechanisms. We investigate
how the cage type and adsorption face affect the PMF. The PMF is found to depend on the face size rather
than the cage type, and the adsorption interaction becomes stronger as the face size increases. However,

once the face becomes 7-membered, it no longer adsorbs methane but allows methane crossing it to
enter the cage. The results suggest that a preferential direction may exist during hydrate nucleation

and growth.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Gas hydrates are crystalline compounds consisting of a hydro-
gen-bonded network of polyhedral water cavities (the hosts) that
encage small gas molecules (the guests), and methane hydrate is
a prototype. Because methane hydrate is abundant in permafrost
regions and the seafloor of continental margins, it is considered
to be a potential energy resource [1,2]. Methane hydrate is also
important for flow assurance in the oil and gas industry and in
the environment for global warming. In hydrate research fields,
the molecular mechanism of methane hydrate formation is a fun-
damental issue relating to many still open topics, such as stochas-
tic nucleation [1,3-4], the memory effect [5,6], and structural
transition [7,8]. Early studies on the hydrate nucleation mecha-
nism mainly include the labile cluster hypothesis (LCH) proposed
by Sloan and co-workers [1,9], which emphasized the aggregation
of cage-like water clusters, and the local structuring hypothesis
(LSH) proposed by Radhakrishnan and Trout [10], which empha-
sized the adjustment of water molecules around a local, ordered
arrangement of gas molecules. Recently, Guo and co-workers
[11] proposed the cage adsorption hypothesis (CAH), in which
the cage-methane adsorption interaction is the inherent driving
force controlling hydrate formation. The CAH also predicts that
an intermediate amorphous hydrate phase should occur before
the final crystalline hydrate forms, which is supported by the MD
simulations of methane hydrate formation [12,13], and by the
two-step mechanisms of hydrate formation [14,15].

In this Letter, we focus on the adsorption interaction between a
water cage and a methane molecule. Given a water cage formed in
a methane aqueous solution, when a dissolved methane molecule
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approaches the cage, the cage will adsorb the methane on one of
its faces. This is considered to be a favorable step in triggering a hy-
drate nucleation event because the adsorbed methane can prolong
the cage’s lifetime and induce a new cage to form around it [16]. If
the cage is located on the hydrate surface in contact with the meth-
ane solution, the step will also favor the crystal growth for the
same reason. In our previous work [11], we studied the cage-
methane adsorption interaction by calculating the potential of
mean force (PMF) between a dodecahedral cage (5'2) and a meth-
ane molecule, and considered three influencing factors: the rigid-
ity, filling status, and orientation of the cage. The main finding
was that the strength of the attractive interaction between the
cage and methane was comparable to the strength of hydrogen
bonds. A rigid cage led to a slightly stronger adsorption interaction
than a soft cage, while the filled cage with a methane molecule was
no different from an empty cage. Additionally, the cage’s adsorp-
tion interaction showed a kind of directionality, with the strongest
interaction points oriented toward the center of the adsorption
face and perpendicular to this face.

However, because just the 5'? cage, which has only pentagonal
faces, was used in the previous work, the effects of cage type and
face size on the cage-methane adsorption interaction could not
be studied. These two factors are very important and should be
examined carefully. Regarding the former, thousands of types of
cages can occur during hydrate formation [17], and hydrate nuclei
need not develop only from the 5'2 cage initially. Regarding the lat-
ter, the size of the cage faces determines whether the methane is
adsorbed on one of the cage faces or enters the cage through the
face. Although it is taken for granted that a methane molecule
can passage a heptagonal (or larger) face but not a hexagonal (or
smaller) face, no direct evidence exists in the literature. This point
is also of significance for studies on the inter-cage diffusion of
guests in hydrate, especially in amorphous-phase hydrate that
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can occur during the intermediate stage of hydrate formation [14-
15,17], and the structural transition of hydrate caused by high
pressure [18,19]. Therefore, in this work we study how the cage
type and the size of the adsorption face affect the cage-methane
adsorption interaction.

2. Method

All molecular dynamics simulations were carried out using the
GROMACS package [20,21]. The system was designed as a cuboid of
45 x 30 x 30 A (x x y x z), consisting of one cage, two methane
molecules, and 1240 water molecules. The water molecules were
described by the TIP4P/2005 potential model [22] and the methane
by the OPLS-UA potential [23]. The cross interactions between
water and methane were calculated according to the modified Lor-
entz-Berthelot combining rules (with y = 1.07) [24]. The Nosé-
Hoover thermostat and Parrinello-Rahman barostat, with a period
of 0.8 ps for both, were used to obtain the NPT ensemble with a
temperature of 258.5 K and a pressure of 30 MPa, with a state point
located in the methane hydrate phase region for the above poten-
tial models [25]. The cutoff distance was 10 A for the Lennard-
Jones potential. Periodic boundary conditions were used in all
directions and the long-range interaction was calculated using
the particle mesh Ewald method with a real space cutoff of 10 A,
spline order of 4, and Fourier spacing of 1.2 A. In total, eight repre-
sentative cages containing five types of faces (Figure 1) were used
to check the effects of the cage type and the face size on the cage-
methane adsorption interaction. The cages were all extracted from
the MD trajectories for hydrate formation reported by Walsh et al.
[13] using our face-saturated incomplete cage analysis [17]. The
edge length of these cages was set as 2.82 A (i.e., the average length
of H-bonds), which is slightly larger than the previously used value
of 2.75 A [11].

To study the cage-methane adsorption interaction, similar to
the method used in our previous work [11] we used constrained
molecular dynamics simulations to calculate the potential of mean
force (PMF) between a cage and a methane molecule. It is possible
to constrain the distance between the cage and the methane at r,
during simulations, and then calculate the constraint mean force
F(r.) exerted on them. Thus, the cage-methane PMF is equal to
the integration of F(r.); that is,

PMF(r,) — PMF(r;)

/ F(re)dre, (1)
n

where r; is the constrained distance of the reference state and r, is
an arbitrary constrained distance. For convenience, r; often takes a
value large enough so that PMF(r) reaches zero. Therefore, the PMF
can be calculated from

/1 F(ro)dre. 2)

In addition, because of the above constraint condition, the rota-
tion of the combination of cage and methane will produce an en-
tropy contribution to the PMF [21]. This should be corrected by
subtracting 2kgT/r. from the original output of F(r.) in GROMACS
[11]. According to the above definition, the cage-methane PMF is
actually the free energy along the reaction coordinate, r.. Using
it, we can obtain the radial distribution function (RDF) by

RDE(r) =e

PME(r3)

—PMF(r)/kBT7 (3)

where kg is the Boltzmann constant and T is the system tempera-
ture. It is not possible to calculate the cage-methane RDF directly
from the MD simulations due to the problem of poor sampling,
and the relevant discussion can be found elsewhere [11].

To perform the constrained MD simulations, we first defined
two groups - the adsorption face and the dissolved methane. The
definition of the first group differs from that in our previous work,
in which the whole cage was defined as a group. The current def-
inition removes the influence of different distances from the cage
center to the different face centers on the PMF, thus enabling us
to conveniently compare different PMF curves. Nevertheless, be-
cause the present definition shifts the origin of r. from the cage
center to the face center by Ar. (= 3.1 A for the 5'2 cage), the differ-
ence must be considered when comparing the present and the pre-
vious PMF. Then, we placed the two groups on the x-axis in the
middle of the simulation box, with the adsorption face of the cage
perpendicular to the x-axis. During the simulation, the two groups
could move freely but their separation was fixed at r.. To ensure
the cage face was always perpendicular to the straight line linking
the face center and the dissolved methane, we additionally con-
strained all N, numbers of distances between every face vertex
and the dissolved methane to be equal, where N, is the number
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Figure 1. The different cages used in this work. The red balls are water oxygen and the gray balls are methane. The sticks are H-bonds, in which the yellow sticks indicate the
adsorption face to the dissolved methane. The cage names are shown in the top right corners, respectively, and are described as follows. (A) [5%63]s cage, the most abundant
cage in the methane solution prior to hydrate nucleation [17]. According to our previous notation, [ |5 indicates that it is an incomplete cage with five vertices with only two
shared edges for each. (D) 5'2 cage, the most common cage in hydrates. (G) 4'5!°6% cage, which contains 4-, 5-, and 6-membered faces and is very abundant during hydrate
nucleation. (L) 5'26° cage, an example of a large cage. (P) 4°576%7" cage containing a 7-membered face. (Q) 45°6°8" cage containing an 8-membered face. (S) 4°5°6° cage, a
small cage containing 4-, 5-, and 6-membered faces. (T) 5'262 cage, the main cage in the sl hydrate.
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of face vertices. We used the SHAKE algorithm and the COM pulling
codes of GROMACS to output the constraint force of the two
groups. Each simulation was run for 602 ps. The initial 2 ps were
run using a small step of 0.2 fs to relax the system smoothly, and
the following 600 ps were run using the usual step of 1 fs. We
checked that the combination of cage and methane seldom crossed
the system boundary during the 602 ps-long simulations. The data
from the last 500 ps were used to obtain the mean force F(r.). Here,
r. comprised 56 sample points, varying from 1 A to 12 A with an
interval of 0.2 A, and PMF (12 A) was set at zero (see Eqgs. (1) and
(2)). Compared to the previous PMF-cutoff of 10.9 A (= 14 A — Ar.)
[11], the present cutoff (= 12 A) was rather conservative. To obtain
accurate statistics, we performed 20 independent simulations for
each sampling point, thus ensuring that the F(r.) were averaged
over 10 ns-long configurations.

Similar to our previous work, either rigid or soft cages were
used in different case studies. The rigid cages were achieved by
exerting both distance constraints and angle constraints on the
membered water molecules, while the soft cages were achieved
by exerting only distance constraints. For the distance constraints,
the length of the OH bond in water molecules was set at 0.9572 A,
the H-H distance at 1.5139 A, the O-M distance at 0.1546 A, the H-
M distance at 0.8712 A, and the length of H-bonds at 2.82 A. For the
angle constraints, the angle between three neighboring O atoms in
a cage face was set at 180° x (N, — 2)/N,. To simulate the real sit-
uation of a cage in bulk water, we set all cages as soft, and filled
them with a methane guest if possible. However, we set the cages
with 7- and 8-membered water rings as rigid, otherwise these
cages would collapse during simulations.

We calculated 18 cases of the cage-methane PMF: SA[O]gsM,
SA[0]gsM, SD[M]gsM, SG[M]gsM, SG[M]sM, SG[M]gsM, SL[M]gsM,
SLIM[rM, SS[M]esM, SS[M]esM, SS[M]gsM, ST[M]esM, ST[M]rsM,
RG[O]F4M, RG[O]FSM, RG[O]FGM, RP[O]F7M, RQ_[O]F8M. In this nota-
tion, [ | is used to represent a polyhedral cage whose appearance
is described by the characters on the left side of [ ]. R represents
a rigid cage and S a soft one, while the second letter is the name
of the cage, as listed in Figure 1. Guests lie within [ ], with M and
0 denoting methane and the absence of methane, respectively.
On the right side of [ ], M is the dissolved methane and the sub-
scripts F4, F5, F6, F7, and F8 refer to tetragonal, pentagonal, hexag-
onal, heptagonal, and octagonal faces respectively, which describe
the orientation of the cage relative to the dissolved methane.

3. Results
3.1. The effect of different cage types on PMF

Figure 2 shows the cage-methane PMFs for the cases SA[O]gsM,
SD[M]F5M, SG[M]FSM, SL[M]F5M, SS[M]F5M, and ST[M]F5M All of
these cases have the pentagonal face orientation. The figure shows
that the PMFs are almost the same for all of the cages except
SA[O]gsM. There is a very deep well at 2.8 A, with a value of
—15.2 kJ/Mol. For all cages except the empty A cage, the first bar-
rier is located at ~5.6 A and the second well is located at 7.6 A.
The result agrees well with our previous work, in which the three
characteristic distances were 2.9, 5.7, and 7.1 A (after subtracting
the Arc of 3.1 A) [11]. The PMF curve for the SA[0]ssM case also
shows the same feature in the first well, but its second well is
much closer than in other cases. Because the A cage, [5%6°]s, is a
small incomplete cage, the phenomenon may indicate that it is less
capable of making extended cage-like structures than the large
complete cages. The PMF results for the tetragonal and hexagonal
faces of different cages are also shown in Supplementary Figures S1
and S2, respectively. Similar to the situation for the pentagonal
face, no conspicuous difference is observed between different cage
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Figure 2. The cage-methane PMFs for the pentagonal adsorption face. The error
bars are covered by the labels.

types except for the A cage. We also examined the effect of the po-
sition of the cage face on the PMF. Three pentagonal faces located
at different positions on the G cage (4'5'%6%) were selected to cal-
culate the PMF, and the results were the same (not shown here for
brevity). Finally, we examined the effect of cage types on PMF
using another potential combination of water and methane, which
gives a more accurate cross interaction based on ab initio simula-
tions [26] and was previously used in a study on the PMF between
the 5'2 cage and the water/methane interface [27]. The PMF results
(Supplementary Figure S3) show some more visible but still small
differences between cage types. The L cage shows a slightly weaker
attraction to methane than the D cage, and the A cage shows the
weakest among the three. The above results show that provided
the adsorption faces are of the same size, it is almost unnecessary
to consider the cage type and the cage face’s position when study-
ing the cage-methane adsorption interaction. However, the incom-
plete A cage indeed shows a slightly weaker attraction to methane
than the other complete cages.

3.2. The effect of different cage faces on PMF

We chose the 4!51°62 and 435563 cages to examine whether dif-
ferent cage faces affect the cage-methane PMF because both of
them have tetragonal, pentagonal, and hexagonal faces. Figure 3
shows the PMF curves for the 4!5'°62 cage (i.e., SG[M]rM,

20
16
12+

—— SG[M], M
—— SGM]M
—— SGM] M

PMF / KJ/Mol

Figure 3. The cage-methane PMFs for different adsorption faces in the G cage,
4151062.
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SG[M]sM and SG[M]rM). Because those for the 4°556° cage (i.e.,
SS[M]gsM, SS[M]gsM and SS[M]gsM) almost coincide with the
curves in Figure 3, we do not show them here for clarity. Figure
3 shows that the different cage faces strongly influence the PMF.
As the face size increases, the first well becomes closer to the
adsorption face and deeper in depth, indicating stronger cage-
methane adsorption. Usually, the activation energies (E,), the free
energy difference between the first well and the first barrier to
the PMF, can be used to quantify the cage-methane adsorption. Ta-
ble 1 shows that in all cases, the E, is larger than the E, of an H-
bond (about 10 kJ/mol) [28]. Moreover, there exists a linear rela-
tionship between the E, and the face size (Figure 4). From the
tetragonal to the hexagonal faces, the slope shows that an incre-
ment of one vertex stabilizes the adsorption by 4.8 kJ/mol. Consid-
ering the E, for the hexagonal face is more than twice that of an H-
bond, the cage-methane adsorption interaction can indeed act as
the driving force behind the concentration of methane in its dilute
solutions.

3.3. PMF for the cages with large faces

To understand why the dissolved methane can enter the cage
with large faces, we calculated the PMFs for the RP[O];;M and
RQ|[0]rsM cases with r. ranging from —3 A to 12 A. Here, the nega-
tive value indicates that the dissolved methane is initially located
on the left side of the adsorption face, i.e., the inside of the cage.
The P cage (4°576%7') has a heptagonal face and the Q cage
(4*55638") has an octagonal face (Figure 1). Here, we used the rigid
empty P and Q cages during performing simulations with consider-
ing the following limits. First, the guest methane filled in advance
could have escaped out of the P and Q cages during the simula-
tions, so we had to leave these cages empty. Second, the soft empty
P and Q cages could have collapsed during the simulations, so we
had to set them as rigid cages to maintain their shapes. Corre-
spondingly, we used the rigid empty 4!5'°62 cage to calculate
the PMFs of RG[0]rsM, RG[O]ssM, and RG[0]zsM for comparison.
In Figure 5, the PMF results show that the PMF curves for 7- and
8-membered faces are quite different from those for 4-, 5-, and
6-membered faces. The anticipated first well for RP[0]g;M is now
located at 1.6 A, and the repulsive section on its left side degener-
ates to a low barrier very close to the center of the adsorption face.
In the case of RQ[O]gsM, the low barrier even disappears com-
pletely. The deep wells around —2.0 A represent the stable posi-
tions where methane entered the P and Q cages.

4. Discussion

The present results indicate that when cages adsorb methane,
the strength of the adsorption interaction depends more on the
size of the adsorption face than on the cage type, and the attractive
force becomes stronger as the face size increases. Therefore, it is
highly probable that a cage (except 5'2) formed in a methane solu-
tion will adsorb dissolved methane molecules on its large faces
rather than its small faces. Taking the cage as a template, it is then

Table 1
Features of the PMF between the 4'5'°6? cage and the dissolved methane.?.
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Figure 4. The activation energies (E,) of cage-adsorbing methane change with the
face size (Ny).
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Figure 5. The cage-methane PMFs for the P and Q cages with large faces, compared
to the PMF for the G cage.

easier to form a new cage around the methane adsorbed on a large
face than on a small face. Therefore, we infer that a preferential
direction may exist during hydrate nucleation and growth, and it
may be used to explain the morphology of methane hydrate, such
as its needle-like and spiral crystals [29], in the future. However, if
the face size reaches 7 members or larger, the adsorption faces can
no longer adsorb methane. While the 8-membered face is large en-
ough for methane to pass through it smoothly, the 7-membered
face presents a zigzag pathway due to the low PMF-barrier located
at the face center (Figure 5).

In our previous work [17], we established the face-saturated
incomplete cage analysis (FSICA), which can identify all types of
face-saturated cages. In this method, a fundamental (but empirical)
definition is that the 3-, 4-, 5-, and 6-membered water rings are
called cage faces, and the 7- and larger membered water rings

Case The first well

The first barrier

The second well E.

a
r PME(r) v PME(r") o PMF(") (kj/Mol)
(A) (kJ/Mol) (A) (kj/Mol) (A) (kJ/Mol)
SGIM]raM 32 ~108 56 0.9 7.8 —04 117404
SGIM]rsM 28 ~150 56 15 76 ~06 165403
SG[M]rsM 24 ~197 54 16 6.8 ~09 213+05

¢ The activation energy (E,) is equal to the free energy difference between the first well and the first barrier.
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are called cage holes. The difference between the two is that cage
faces can prevent methane from crossing them whereas cage holes
cannot. The so-called face-saturated cages do not contain any
holes. The present results (Figure 5) confirm that the above defini-
tion is theoretically reasonable. It implies that a cage structure
must be self-enclosed to ensure the basic function of keeping
guests from entering or leaving the cage.

The findings in this work also have implications for the inter-
cage diffusion of methane in hydrate. If the hydrate is crystalline,
methane diffusion cannot occur unless some 5- and 6-membered
faces break down [30]. However, if the hydrate is amorphous, the
situation is different because the amorphous hydrate contains
some opening cages with 7-membered holes [15,17]. Two opening
cages can fuse together via the 7-membered hole to form a com-
plex self-enclosed cage (see Supplementary Figure S6 in Ref.
[17]), and methane can diffuse across the hole without breaking
other faces.

5. Conclusions

In this work, we investigate the effects of cage type and adsorp-
tion face on the cage-methane adsorption interaction. We find that
cage types have almost no effect on the interaction, except that the
incomplete A cage shows a slightly weaker attraction to methane
than do the other complete cages. However, the size of the adsorp-
tion face has a strong effect on the cage-methane adsorption.
When the face size is increased from 4 to 6, the first well of the
PMF shifts closer to the adsorption face and becomes deeper. This
shows that a larger face attracts the dissolved methane more
strongly, and thus implies that a preferential direction of cage
development may exist during hydrate nucleation and growth.
However, once the face is 7-membered or more, it can no longer
adsorb methane and actually transforms into a hole that allows
the methane to enter the cage. This finding provides a solid foun-
dation for our recently established cage identification method
(i.e., FSICA), and strengthens the idea that a water cluster can be
distinguished as a cage because it is self-enclosed to its guests. In
our next study, we will investigate the effects of different guest
molecules such as CO,, H,, C;Hg, C3Hg, and THF, and inert gas mol-
ecules such as He, Ne, Ar, Kr, and Xe on the cage-guest adsorption
interaction.
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