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ABSTRACT: Crystal growth simulations of gas hydrates have
suggested that hydrate cages may occasionally be occupied by
H2O rather than guest molecules, leaving interstitial defects
within the hydrate crystal. Further inspection of the behavior of
these interstitial H2O molecules has revealed that they are
relatively highly mobile entities within a gas hydrate. In this
paper, we report these observations and examine the molecular
mechanisms responsible for the transport of these interstitialmolecules throughhydrate crystals. Four distinct pathways for theH2Omolecule
transport between cages are found, each facilitated by the presence of empty cages. The relative richness of the observed behavior of interstitial
defects suggests that interstitial diffusion could be an important mechanism for the mass transport of H2O molecules through gas hydrates.

1. INTRODUCTION

Gas hydrates are crystalline compounds with guest-host struc-
tures, in which gas molecules are trapped in hydrogen-bonded water
cages.1 Gas hydrates have received intense interest in the scientific
and industrial fields because of their relevance in hydrocarbon extrac-
tion,2,3 carbon dioxide sequestration,4,5 energy storage,6-8 global
warming,9-12 marine geohazards,13,14 etc. The understanding of gas
hydrate formation is potentially crucial for energy recovery and storage
as well as flow assurance in oil and natural gas pipelines.

Typically, experimental investigations of hydrate formation
are performed by exposure of a liquidH2O or ice phase to (gaseous)
guestmolecules.15-18Nucleationof gas hydrates typically takes place
at H2O/gas interfaces where the concentration of both gas andH2O
molecules are relatively high. Once formed, the hydrate films
effectively separate the gas and H2O phases by providing a barrier
tomass transfer between them.Thus further hydrate growth requires
either effective transport of gasmolecules through the hydrate film to
the hydrate/H2O interface or H2O molecules transfer through the
hydrate film to the hydrate/gas interface. A similar situation will
occur when liquid CO2 might be injected into the deep sea.

4,5 CO2

hydrates tend to form at the interface between liquidCO2 andwater.
The presence of hydrates would affect the mass transfer of the
CO2 or H2O molecules and consequently limits the growth rate of
hydrates at the interface.

Controversy exists about whether the transport of the gas16,19,20

or H2O
21,22 molecules controls hydrate growth rates. Monte Carlo

simulations with a Landau free energy method have suggested a
significantly higher diffusion coefficient (10-12 m2/s) for CO2

molecules relative to that for H2O molecules (10-23 m2/s) in
hydrates.23 Path sampling calculation have also suggested a rela-
tively large diffusion coefficient (10-16 m2/s) for CH4 in hy-
drates.24 Infrared spectroscopic studies of hydrate formation have
revealed that three different ethers can form hydrates at similar rates
despite differences in the size and shapes of these guest molecules,15

which suggests that hydrate formation is dominated by H2O

mobility rather than gas diffusion. In addition, recent high-
resolution confocal Raman spectroscopy has provided more
direct evidence that H2O molecules are the most mobile species
in the hydrate phase, and hydrate growth is controlled by the
diffusion of H2O within the hydrate films.25

Despite its (their) importance in understanding the growth
behavior of hydrate films at H2O/gas interfaces, the molecular
mechanism(s) of mass transport through hydrate crystals remain(s)
unclear. Since molecules in a perfect crystalline solid are generally
immobilized by strong intermolecular interactions and dense pack-
ing, the hopping of molecules through rings of the intact host lattice
would face substantial energy barriers. It has been suggested that gas
diffusion is assisted by the presence of defects in crystalline struc-
tures.23 The energy barrier for gas molecule passage between a full
and empty cage was shown to be reduced substantially by the
presence of a H2O (lattice) vacancy that generates an enlarged
“hole” in the cage wall.15,23,24 The displacement of such vacancy
defects in the host lattice was proposed as a means for H2O
transport. Interstitial H2O molecules have also been introduced
into the host lattice of a CO2 hydrate;

15 it was found that interst-
itials can significantly promote the mobility of H2O molecules to a
rate about 2-3 times faster than vacancies. Other mechanisms
like Bjerrum defect assisted diffusion26 and crystal decomposition-
reconstruction mechanisms27,28 have also been suggested.

Our previous molecular dynamics (MD) simulations of gas
hydrate crystal growth have revealed that hydrate cages
occupied by H2O rather than guest molecules can form under
a variety of conditions as well as with different guest mole-
cules. These systems include H2S hydrates grown from an
aqueous solution with no gas supersaturation (three-phase
simulation) or with moderate gas supersaturation (two-phase
simulation)29,30 and CH4 hydrates grown from an aqueous
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solution with a highly elevated CH4 composition.31,32 The
appearance of this defect structure was also independent of the
ensemble (NVE, NVT, NPT) being employed in the simula-
tion. Figure 1 shows examples of a H2O molecule trapped in a
512 and a 51262 cage of a structure I (sI) CH4 hydrate. A
subsequent careful inspection of these interstitial H2O mole-
cules revealed that these molecules do not typically remain in
one specific cage for a long time; rather they appear able to
“hop” to neighboring cages.

In this paper, we explore these observations of water transport
through gas hydrate crystals and probe the molecular mechanisms
responsible for the mobility of interstitial H2Omolecules. Four typi-
cal transport paths, all involving interstitialH2Omoleculesmoving to
vacant cages, were observed directly within our MD simulations of
gas hydrates. We demonstrate that these paths could represent
means by which H2O molecules transport through hydrate crystals
relatively easily. An estimation of an effective diffusion constant is
consistent with recent experimental observations25 that suggest that
H2O molecules are the most mobile species in the hydrate phase.

2. METHODOLOGY

While the molecular mechanisms of the transport of interstitial H2O
molecules through CH4 andH2S hydrates are found qualitatively to be very
similar, we will focus our detailed analyses on the transport of interstitial
H2O defects through a CH4 hydrate crystal; the corresponding behavior
within a H2S hydrate is reported in the Supporting Information (SI).
The starting configurations for the present simulations, each containing a

single interstitial defect, consisted of a periodic two-phase system, where a
CH4 hydrate crystal was in contact with an aqueous CH4 solution. These
configurations were taken directly from crystal growth simulations in which
such a defect had appeared. MD simulations were performed at constant
pressure and constant temperature (NPTensemble) at a pressure of 50MPa
and temperatures of 265 and 275K.Data were also collected at temperatures
of 255 and 245 K but were more limited. The length of each simulation was
12 ns (limited in part by the lifetime of the interstitial defect in the crystal
since it disappears when it reaches a hydrate/liquid interface). Additional
details of the models and simulation methodology used in this work, which
have been used extensively to study the crystal growth of gas hydrates, can be
found in the SI.
While we did not observe differences in the H2O transport mechan-

isms in the 12 ns simulation at each temperature, all the examples given
in section 3 are from the simulation run at 265 K. Unless otherwise
noted, the molecular coordinates and potential energies reported in this
work are averaged over a time window of 1 ps. Values averaged over a
much shorter time window of 100 fs were also collected and analyzed to
help clarify the observed molecular mechanisms.

3. RESULTS AND DISCUSSION

3.1. Transport via Five-Membered Rings. In this subsec-
tion, we will identify two different transport mechanisms of
interstitial H2O molecules via replacement of molecules in five-
membered rings of a hydrate crystal. Figure 2 shows an example
of H2O transport by bridging across a five-membered ring. The
interstitial H2O molecule originally resides within a 512 cage,
which has an empty 51262 neighbor cage (Figure 2a). At some
point later in the trajectory, we find that this interstitial molecule
forms H-bonds to two second-neighbor molecules (“A” and “B”,
as labeled in Figure 2b) of a five-membered ring that is shared by
the 512 and 51262 cages. We see that this interstitial molecule
attains a position essentially equivalent to molecule “C” of the
ring. Since such a structure is transient (i.e., it does not represent
a free energy minimum at this temperature, but it is stable at very
low temperatures; see SI), either the interstitial molecule or
molecule “C” should leave. If molecule “C” departs (Figure 2c),
this event becomes a replacement of a H2O molecule of the five-
membered ring by the interstitial H2O molecule, with the net
result of this process being a H2Omolecule transported from the
512 to the 51262 cage. The subsequent structural relaxation of the
related molecules reforms the hydrate crystalline structure, now
leaving the interstitial defect in the 51262 cage (Figure 2d).
The potential energy contributions (to the system total) of the

original and resultant interstitial H2O molecules during the
transport process are shown in Figure 3a, where the potential
energy has been averaged over time windows of 1 ps. From this
coarse grain data, we can see that the energy decrease of
the original molecule and the energy increase of the resultant
molecule occur at roughly the same time. This suggests that,
during the replacement process, the destabilization of the leaving
molecule (due to H-bond weakening or breaking) is essentially
compensated for by the stabilization of the incoming molecule.
This is consistent with the behavior seen at very low tempera-
tures (20 K) where the transition (bridged) structure shown in
Figure 2b is actually the most stable structure (see SI). The
relatively symmetric changes of the potential energies of the two
molecules suggest that at this temperature there is a significant
entropic contribution to the free energy barrier for this transport
process. Figure 3b shows an example of a transport event with
higher temporal resolution. While details of the energetic beha-
vior varies for each particular event (e.g., in Figure 3b an
energetic plateau is apparent), such replacement (transport)

Figure 1. An example of H2O occupied (a) 512 and (b) 51262 cages.
H2Omolecules are represented by a sphere for the oxygen and twowhite
sticks for the hydrogens. The oxygens of the host and interstitial H2O
molecules are colored as green and red, respectively. Hydrogen bonds
(dotted lines) are defined by the geometric constraints that dO-O < 3.0 Å
and —O-H 3 3 3O < 20�.

Figure 2. (a-d) Molecular configurations (top) and corresponding
ring structures (bottom) showing the mechanism of H2O molecule
transport from a 512 cage to a neighboring 51262 cage via replacement of
a H2O molecule in the shared five-membered ring. The corresponding
time indexes for these configurations are given in the legends. The
molecular coordinates were averaged over 1 ps, and the H2O molecules
are represented as in the case of Figure 1. The molecular labels “A”, “B”,
and “C” are discussed in the text.
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processes are typically fast, occurring over only a couple of
picoseconds, although on a few occasions we have observed
relatively slow events spanning 5-10 ps.
Figure 4 presents another possible path for interstitial H2O

molecule transport; in this case a six-membered ring is formed
from the original five-membered ring. The interstitial H2O
molecule is originally in a 51262 cage, which is connected
to another empty 51262 cage by a five-membered ring (see
Figure 4a). This interstitial molecule inserts itself between two

neighboring (H-bonded) H2O molecules (“A” and “B” in
Figure 4b) of the five-membered ring. As a result, a six-membered
ring formed (Figure 4b). Since this six-membered ring does not
conform to the hydrate crystal structure, theH-bonds between its
molecules are destabilized. In some cases, the H-bond between
molecules “B” and “C” is broken and molecule “C” escapes the
six-membered ring (see Figure 4c). The remaining molecules
reform the five-membered ring with little subsequent movement
leaving the defect within a new cage (see Figure 4d). The
behavior of the potential energy change of the H2O molecules
is similar to that observed in Figure 3.
3.2. Transport via Six-Membered Rings. Our MD simula-

tions show that if the interstitial molecules are trapped in 51262

cages, these defect molecules have a strong tendency to interact
with one of the two six-membered rings of their host cage, rather
than staying exclusively at the center of the cage. Figure 5a
presents a typical example of the potential energy for an inter-
stitial H2O molecule trapped in a 51262 cage as a function of
simulation time. Two distinct potential energy values are appar-
ent. The higher energy level corresponds to when the H2O
molecule is located at (or near) the center of the cage. The lower
energy level, which is still substantially higher than the value of
cage-forming molecules, corresponds to when the H2Omolecule
has inserted itself into the center of one of the six-membered
rings of the 51262 cage (an example of the molecular configura-
tion is shown in Figure 5b). At a temperature of 265 K, we
observe the interstitial molecule regularly hopping between the
center of the cage and center of a six-membered ring. For any
particular molecule, one observes the associated potential energy
fluctuations until it eventually becomes a cage-forming molecule

Figure 3. (a) Potential energy (averaged over 1 ps) of the original (red)
and resultant (green) interstitial H2O molecules corresponding to the
replacement process shown in Figure 2. (b) Another similar replacement
process with the potential energies averaged over 100 fs (with points
given every 20 fs). The red line is as that in (a), and the blue line
corresponds to the averaged potential energy of the other 38 molecules
from the two cages.

Figure 4. (a-d) Molecular configurations (top) and corresponding
ring structures (bottom) showing the mechanism of H2O molecule
transport from a 51262 cage to a second-neighbor 51262 cage via
replacement of a H2O molecule in the connecting five-membered ring.
The corresponding time indexes for these configurations are given in the
legends. H2O molecules are represented as in the case of Figure 1. The
light blue spheres represent CH4 molecules. The molecular labels “A”,
“B”, and “C” are discussed in the text.

Figure 5. (a) Potential energy of an interstitial H2Omolecule in a 51262

cage as a function of time. (b) An example of a molecular arrangement
when this interstitial molecule has inserted itself into the center of a six-
membered ring (the corresponding time has been labeled with the red
triangle in (a)). CH4 molecules are represented by light blue spheres,
and H2Omolecules are represented as in Figure 1. The molecular labels
“A”, “B”, and “C” are discussed in the text.
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(in the case of the molecule in Figure 5, after about 1850 ps).
Figure 5b indicates that when the interstitial H2O molecule
inserts into a six-membered ring, it breaks one H-bond (between
molecules “A” and “B”) of the original six-membered ring and
forms three new H-bonds with the molecules of the ring. This
arrangement of the H2O molecules (ring plus interstitial) is in
fact the most stable configuration at low temperature (see SI). At
265 K, we find that an interstitial H2O molecule within a 51262

cage spends about 40% of its total time inserted into a six-
membered ring, where an insertion event might typically span
tens of picoseconds, indicating that the free energy of the
interstitial molecule is only slightly lower when it is at the center
of the cage.
The structural arrangement shown in Figure 5b can result in

two distinct pathways for the transport of a H2O molecule. If the
six-membered ring happens to be shared with an empty 51262

cage, then the interstitial H2Omolecule readily hops between the
two 51262 cages through the shared six-membered ring. Figure 6
shows an example of such an event. An example of the potential
energy change of the interstitial H2O molecule during this
hopping process can be found in the SI. There is apparently no
energy barrier for the H2O hopping through the six-membered
ring; indeed the energy of the interstitial molecule exhibits a
minimum, although there is a very slightly free energy barrier (at
265 K).
A second observed pathway resulting from the arrangement

shown in Figure 5b is presented in Figure 7. In this case there is a
replacement of a molecule of the six-membered ring by the
interstitial H2O molecule, thereby allowing the defect mole-
cule to be transported into a neighboring empty 512 cage (see
Figure 7a). The two cages involved share a pentagonal face which

includes one edge of the six-membered ring (B-C; see
Figure 7a). When the interstitial molecule inserts itself into the
center of the six-membered ring, one H-bond (A-B; see
Figure 7b) is broken. As a result of thermal fluctuations, another
H-bond (B-C) is broken, resulting in a dangling H2O molecule
(B) originally from the six-membered ring (see Figure 7c). This
molecule is now inside the previously empty 512 cage. Subse-
quent movement of the remaining molecules reforms the six-
membered ring, leaving no defect in the host structures (see
Figure 7d).
3.3. Water Transport Pathways. All the simulations at

different temperatures from 245 to 275 K show similar transport
mechanisms. Figure 8 summarizes the four distinct pathways for
the transport of an interstitial defect molecule through gas
hydrate crystals. The two transport pathways that proceed by
replacement of a H2O molecule within a five-membered ring are
shown in Figure 8a. Since an interstitial H2O molecule has a
relatively high energy, it can attach itself to two first- or second-
neighbor molecules of a five-membered ring and form a transient
bridging structure (pathway I) or a six-membered ring (pathway
II). From either of the intermediate structures, replacement of
one of the molecules from the original five-membered ring is
then possible. Through these two pathways, a H2O molecule
defect can be transported from one cage to either an empty first-
or second-neighbor cage.
The two transport pathways that involve six-membered rings

are shown in Figure 8b. As noted above, interstitial molecules
trapped in 51262 cages have a strong tendency to insert them-
selves into the center of one of the six-membered rings of their

Figure 6. Process of a H2O molecule hopping through the shared six-
membered ring between two neighboring 51262 cages (a-c). The
corresponding time indexes for these configurations are given in the
legends. The molecules are represented as in the case of Figure 1.

Figure 7. Molecular configurations (top) and corresponding ring
structures (bottom) showing the mechanism of H2Omolecule transport
from a 51262 cage to a neighboring 512 cage via replacement of a H2O
molecule in a six-membered ring. The corresponding time indices for
these configurations are given in the legends. H2O molecules are
represented as in the case of Figure 1. The molecular labels “A”, “B”,
and “C” are discussed in the text.

Figure 8. Schematic representation of four distinct pathways for
interstitial H2O molecule transport within hydrate crystals. (a) Trans-
port by replacement of a molecule in a five-membered ring through
H-bond formation with two second-neighbor molecules (pathway I)
and with two neighboring molecules of the ring (thus forming a six-
membered ring, pathway II). (b) Transport by interacting with six-
membered rings via hopping through the ring (pathway III) and by
replacement of a molecule of the ring (pathway IV). The circled
molecules typically leave the ring during transport mechanisms I, II,
and IV.
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host cage, this tendency increasing as the temperature is reduced.
Such a structural arrangement can result in the hopping of
interstitial molecules through the six-membered ring (pathway
III) or the replacement of amolecule of the six-membered ring by
the interstitial molecule (pathway IV).
The transport pathways reported here allow an interstitial

H2O molecule defect to transport from one cage to any empty
cage that is a cage’s first- and second-neighbor (for a 512 cage in
an sI hydrate, this is 32 cages). Considering that the level of
vacant cages in natural gas hydrates can be as high as 10%,32-34

one could expect the probability of an interstitial H2O molecule
being stranded in a fully occupied environment to be rather low.
In other words, by the mechanisms presented above, interstitial
H2O defects could diffuse rather easily through hydrate crystals.
The fact that the diffusion of interstitial H2O molecules is
facilitated by the vacancy cages suggests that some hydrates
(like the sII tetrahydrofuran hydrate) with all the small cages
being vacant could have an enhanced mobility of interstitial H2O
molecules.
In the present 50 ns of simulation, or indeed in hundreds of

nanoseconds in our previous crystal growth simulations of gas
hydrates,29-32,35,36 we have not observed formation of a lattice
vacancy. This suggests that the diffusion of interstitial H2O
molecules, apparently facilitated by the existence of empty cages
in hydrate crystals, may dominate lattice vacancies as a mechan-
ism for the mass transfer of H2Omolecules through gas hydrates.
This conjecture is supported by the experimental observation
that there is a small but non-negligible population of interstitial
H2O defects in hexagonal ice and that the migration of these
interstitial molecules provides the mechanism by which diffusion
occurs in ice.37-39

3.4. Temperature Dependence and Other Implications.
From our MD simulations at temperatures of 265 and 275 K, the
numbers of observed transport events by the four pathways (see
Figure 8) are presented in Table 1. While simulations were
performed at lower temperatures, 245 and 255 K, the overall
observed number of transport events was found to be very small
and hence these data were not considered for further analysis.We
do point out, however, that these limited data do show essentially
no temperature dependence of the transport by pathway III,
consistent with the suggestion of essentially no free energy
barrier associated with transport by this pathway. We again point
out that in simulations at low temperatures the interstitial
molecule stays very close to the center of the ring (see SI),
confirming that there is no energy barrier involved in this
pathway.
From Table 1, we can also see that at these temperatures the

transport of interstitial H2O molecules is apparently domi-
nated by pathways I and II, consistent with the fact that the
number of five-membered rings is eight times larger than that
of six-membered rings in sI hydrates. Assuming Arrhenius-type
behavior for the temperature dependence exhibited by path-
ways I and II, we can roughly estimate an effective (free) energy
barrier of around 30 kJ 3mol-1 for diffusion by the two path-
ways. This estimate is reasonably consistent with that of ice Ih

(15.4 kJ 3mol-1),40 considering that the apparent activation
energy for gas and H2O transport through hydrates measured
experimentally by Kuhs et al.18 is also larger than that for
diffusion of H2O molecules in ice. We note that a more precise
determination of the free energy barrier by the current simulation
method would be rather difficult, requiring extensive averaging to
allow for sampling over the varied behavior of each transport
event (as noted above).
If we assume that themovements of interstitial H2Omolecules

within a crystal can be described with a random-walk model, then
the diffusion coefficient, Di, of these interstitial defects can be
estimated to be about 1 � 10-10 and 2 � 10-10 m2/s at tem-
peratures of 265 and 275 K, respectively. Here we have assumed
that the length of each step is the distance between the centers of
neighboring cages, and the time step is approximated from the
event data in Table 1. These diffusion coefficients of interstitial
molecules in hydrates are comparable with that of ice (as derived
from the X-ray topographic studies41). Based on (limited) data
from crystal growth simulations of CH4 hydrates at temperatures
10-20 K below their melting temperature,30,32 the concentra-
tion, ni/N, of interstitial water molecules is of the order of 0.1%.
From these values the coefficient of the self-diffusion,Ds, of H2O
molecules by interstitial mechanisms can then be estimated to be
about 10-13 m2/s (using Ds = (ni/N)Di

41). This estimate agrees
well with recent in situ high-resolution confocal Raman spec-
troscopy studies,25 which predict an effective diffusivity of H2

18O
tracers through hydrate films of about 10-13 m2/s under com-
parable conditions.
The H2O transport pathways discussed above suggest that

other H-bonding guests such as small ethers, H2S, etc., may also
have an enhanced mobility in gas hydrates. It has been reported
that hydrates can form at remarkably fast rates with H-bonding
guests,15,42 suggesting the rapid transport of such H-bonding
guest molecules within hydrate films. The possible influence of
H2O diffusion on guest diffusion is also of potential importance.
Previous studies have shown that guest molecules hopping
through intact five- and six-membered H2O rings would experi-
ence substantial energy barriers,23,24 with the exception of very
small molecules like H2.

43 Based on those results, one might infer
that guest molecule diffusion is dependent upon defects in the
host lattices. Since interstitial H2Omolecules are able to generate
structural defects within the host lattice, one might envisage that
guest molecules could take advantage of such temporary defec-
tive structures to hop from one cage to another. Unfortunately,
we have not observed a guest molecule (CH4 or H2S) hopping
event during our simulations. This may be because the time scale
of the current MD simulation was simply not enough or may
reflect a limitation of the (nonpolarizable) potential models used
in this work. It is important to point out that similar H2O
transport processes in a H2S hydrate have been observed in our
MD simulations (see SI).

4. CONCLUSION

In this work, we report preliminary observations of the
molecular transport of interstitial H2O molecules through cages
of gas hydrate crystals. Molecular simulations were utilized to
explore and analyze the microscopic behavior of this process.
Four distinct mechanisms, involving either five- or six-membered
rings within cages, are presented and discussed. Results from two
different temperatures yield an effective (free) energy barrier of
around 30 kJ 3mol-1 for the diffusion of an interstitial defect

Table 1. Number of Transport Events Observed during 12 ns
Simulations at Temperatures of 265 and 275 K

Path I Path II Path III Path IV

265 K 6 7 3 2

275 K 12 11 4 2
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through five-membered rings (pathways I and II). The diffusion
through six-membered rings (pathways III and IV) appears
rather temperature insensitive, suggesting there is a negligible
(free) energy barrier associated with these processes. For three of
the transport pathways, the transition state structures represent
themost stable arrangements at low temperatures. The estimated
self-diffusion coefficient of H2O molecules through a hydrate is
consistent with values estimated from experiments.

This work proposes molecular mechanisms accounting for the
apparent high mobility of H2O through hydrate phases as
observed experimentally. The relative richness of the behavior
of interstitial defects determined in our study suggests that the
diffusion of interstitial molecules could be an important mechan-
ism for the mass transfer of H2O through gas hydrates. To help
characterize the transport processes uncovered here, further
investigations into several aspects would appear warranted.
Improved statistics for the concentration of interstitials are
needed for a more quantitative analysis of the self-diffusion
coefficient of the H2O molecules. As noted above, the direct
measurement of the free energy barrier of the processes is a
challenge since the detailed behavior for each transport event
varies due to molecular fluctuations. Other techniques (e.g., path
sampling,44 metadynamics45) are perhaps required for an accu-
rate description of the (average) energetics of these transport
processes. It would also be useful to validate the transport
mechanisms using different force fields (e.g., with polarizable
or ab initio determined potentials46,47). We hope this report will
stimulate experimental efforts aimed at confirming the presence
of a low concentration of interstitial H2O molecules in
(appropriately prepared) gas hydrate crystals and determining
whether the self-diffusion of H2O molecules through gas hy-
drates occurs by the processes described here or some other
possible mechanism.
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