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Systematic molecular dynamics simulations have been performed to illustrate the roles of guest molecules played in the
process of hydrate growth at vapor-liquid interfaces. In our simulations, guest molecules are represented by a commonly
used single-site Lennard—Jones model, and the roles of guest molecules on hydrate growth have been investigated
separately from the effect of water—guest molecule attractive interaction ¢ and that of molecular size a, respectively. Our
simulation results demonstrate that the water-guest molecule attraction regulates the pathway and rate of nucleus growth,
whereas the size of guest molecules determines the dynamically preferable structure. © 2013 American Institute of

Chemical Engineers AIChE J, 59: 2621-2629, 2013
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Introduction

Gas hydrates are a special class of nonstoichiometric
clathrate compounds in which water molecules form cage-
like cavities to encapsulate gas molecules.' Several types of
hydrate lattice structures have been found in nature, includ-
ing well-known sl (cubic), sII (cubic), sH (hexagonal) struc-
ture,” and a newly found type of hydrate structure called
HS-1(hexagonal) structure.** Due to their geological impor-
tance and potential industrial applications, gas hydrates have
been extensively studied in recent years.”™

It is well-known that many small inorganic or organic
guest molecules can form gas hydrates, and those simple
molecules span a large range of molecular size and solubility
in water. For example, hydrates could be used potentially for
hydrogen storage,'”'* just like other energy materials in the
form of hydrate (e.g., methane, ethane, and other small
hydrocarbon molecules). In addition, hydrogen sulphide
(H,S) hydrates can be used to adjust the formation and
decomposition of methane hydrates because of their high
nucleation rate.'>'¢ Tetrahydrofuran molecules can occupy
the large cages in sII hydrates and hence can stabilize gas
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hydrates by forming binary hydrates with other gas compo-
nent.” Xe hydrate could be applied potentially for the long-
term storage of proteins or other biologically active
materials.'”

A fundamental question in the gas hydrate then arises:
what is the role of guest molecules affecting the structure,
nucleation, and growth of gas hydrate? To deal with this
question, molecular simulation technique has become a
powerful tool to provide molecular details of hydrate nuclea-
tion and growth process. Molecular simulation has been
applied to investigate the effects of guest molecules on the
properties of gas hydrate. In recent studies, Jiang and Jor-
dan'® compared the properties of Xe, CH,, and CO, hydrates
by molecular dynamics (MD) simulations. They pointed out
that the host-guest coupling is most important for CO,
hydrate, CO,, and Xe hydrates that have lower speed of
sound and lower thermal conductivities than CH, hydrate or
the empty lattice. As to the effects of guest molecules on the
nucleation of hydrates, it is noticed that most simulation
studies are based on CHy4 hydrates,w*23 and several studies
are based on some other gas molecules. By using a coarse-
grained model, Jacobson et al* performed a series of MD
simulations to elucidate the mechanisms of the nucleation of
hydrates. The model guest molecules they used can span a
large range of solubility in water and encompass sizes which
can stabilize each type of hydrate structure.
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As to the role of guest molecules on hydrate growth, how-
ever, no systematical research has been done. This is partly
ascribed to the difference of experimental conditions or mo-
lecular models used in different studies. As a result, although
the investigations provide important insights, the detailed
role of guest molecules on the growth of gas hydrate is not
well-understood. In this work, extensive MD simulations
were performed to explore systematically how the properties
of guest molecules affect the mechanisms of hydrate growth
at the vapor-liquid interface.

Model and Simulation Method

In this work, MD simulations were performed by using
LAMMPS,* an open source program for massively parallel
simulations. In our simulations, the extensively studied
TIP4P water model®® was used, and the rigidity of molecules
was constrained by SHAKE algorithm.27 Guest molecules
were represented by a commonly used single-site Lennard—

Jones (LJ) model Uy, (I‘)=48{(%)12—(%)6}, where ¢ is the

depth of potential well,o is the collision diameter, and r is
the distance between particles. The depth of the potential
well ¢ can be related to the solubility of the guest molecules
in water, and the characteristic size ¢ can represents the size
of the guest molecules. By changing the parameters of LJ
model, that is (¢, o), we investigated how the water—guest
molecule interaction and the size of the guest molecules
affect the hydrate growth, both simultaneously and sepa-
rately. The LJ parameters of the guest molecules we studied
in this work are listed in Figure 1. In general, the chosen LJ
parameters of guest molecules (¢, o) span a wide range, cov-
ering almost all the guest molecules that can form hydrates.
Several representative sample points labeled by (¢;, g;) with
i, j=1, 2, 3 are particularly discussed in the text for clarity
(see Figure 1). Note that, in this work, we set ¢, =0.65 kJ/
mol, &=1.45 kJ/mol, £;=2.25 kJ/mol, 5,=2.8 A, 5,=4.2 A,
and 03=5.6 A, respectively. The unlike parameters of LJ
were obtained by the Lorentz-Berthelot mixing rule. A cut-
off radius of 12.0 A was used for the short-ranged interac-
tions, whereas the long-ranged interactions were calculated
by the pppm algorithm.?®

The initial configuration contained a vapor-liquid interface
within a simulation box of 7.47 X 7.47 X 6.22 nm® (equals
to 6 X 6 X 5 unit cells of perfect sI hydrate), as shown in
Figure 2. Periodic boundary conditions were imposed in all
the three Cartesian directions. To prepare the initial configu-
rations, 4000 H,O molecules were first placed randomly on
the lower half of the simulation box and 700 guest molecules
were set on the upper half.

As the first step, we need to generate initial hydrate nuclei
for different guest molecules before studying hydrate growth.
Although the question of where hydrate growth takes place
has not been fully resolved, both experimental®*' and mo-
lecular simulation studies*>** show that hydrate nucleation
usually occurs at gas-water interface. An “interface hypoth-
esis” has been proposed by Rodger34 and Kvamme,” and
they suggested that hydrate nucleation occurs at interfaces
by forming hydrate cages. The hypothesis is supported by
recent molecular simulation results®” that the lifetime of
hydrate cages increases significantly for those at the interface
on the water side. Nucleation at the interface can be ascribed
to the lower free energy for hydrate formation and the avail-
ability of guest molecules at the interface.
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Figure 1. Lennard-Jones parameters of guest mole-
cules investigated in this work.
Red solid dots represent the guest molecules we studied.
The range of the LJ parameters can cover almost all
the guest molecules that can form hydrates. To compare
with experimental results, the LJ parameters of some
commonly used guest molecules are also shown in the
figure (black hollow squares). Several representative
sample points denoted by (¢, a;) with &=0.65 kJ/m(gl,
£=1.45 kJ/mol, £=2.25 kJ/mol, 6,=2.8 A, 6,=4.2 A,
and 63=5.6 A, are also given in the figure. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

In our study, typical initial configurations with a small
seed of the gas hydrate embedded in the interface layer were
nucleated using the following procedure. To save the compu-
tational resource, we performed constrained NVT simulation
runs from the initial two-phase system with a constraint that
ignores the effect of environmental fluctuation. Different
from the normal (unconstraint) MD simulation, the con-
strained MD forces all the molecules, except for those in a
cubic region of 2.5 X 2.5 X 2.5 nm? (from 3.75 to 6.25 nm
in x axis, from 2.50 to 5.00 nm in y axis, and from 1.25 to
3.75 nm in z axis), to be frozen. The location and size of the
cubic region are illuminated in Figure 2. In practice, for a
specific type of guest molecules, a series of NVT simulation
runs at 255 K, in which a constrained MD run in 2 ns was
followed by a 500 ps normal (unconstrained) MD run, were
conducted alternatively until a small hydrate nucleus in the
cubic region had been generated. The induction time of
hydrate nucleation required for the constrained MD method
is typically longer than 0.5 ps. The nucleus is identified by
calculating the number of hydrate cages formed in the con-
strained region, and the structure of the nucleus we obtained
is amorphous (Figure 2).

Note that although the constraint would bias the nuclea-
tion dynamics, the constrained NVT process can generate a
nucleus much faster, as it ignores the effect of environmental
fluctuation. The word “faster” means the reduction of the
computation time, but not the decrease of induction time of
nucleation. Actually, confined system with a small volume
might be difficult to nucleate than the bulk counterpart. By
using this constrained method, however, we can avoid the
expensive calculation of Coulomb interactions from plenty
of environmental water molecules and, thus, significantly
save the computational resources.

With the produced initial configurations containing a small
seed of the gas hydrate (e.g., see Figure 2), an NpT relaxation
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Figure 2. A typical initial configuration of our simula-
tions on hydrate growth.
In the figure, H,O molecules are shown by the stick
model, and hydrogen bonds are represented by dashed
lines.Guest molecules are represented by gray spheres,
and the hydrate seed is denoted by the wire-frame
model. The two blue bold lines, marked as a and b,
denote two slices parallel to yz-plane used in Figure 6 to
calculate density profiles. The black dashed-line frame
denotes the unconstraint region during the constrained
MD run performed to prepare the initial hydrate nu-
cleus. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

process in unconstrained MD was performed at 275 K and
80-200 bar (for different guest molecules) for 4 ns, which
was used to eliminate the effect of the artificial freezing pro-
cess. Then, 500 ns unconstrained NpT MD runs were per-
formed with a time step of 1 fs at the same thermodynamic
conditions, to study the dependence of the detailed hydrate
growth mechanism on the guest molecules. Although both
the nuclei and the environment were free to thermally fluctu-
ate in those simulation runs, the nuclei would grow gradually
within the unconstrained MD runs because the initial nuclei
produced by the constrained MD had already exceeded the
size of critical nucleus. During the simulation runs, constant
temperature and pressure were maintained by using the
Nosé-Hoover algorithm.?**

Results and Discussion

Adsorption of guest molecules on the nucleus surface

Previous studies?>*° showed that the nucleation and

growth of hydrate begins with adsorption of guest molecules
on the faces of pentagonal or hexagonal rings formed with
H>0 molecules. A similar tendency was observed in our sim-
ulations, as indicated by the probability of guest molecules
(&, 0,) adsorbed on the face of hydrate rings (Figure 3).
Because the hydrate nucleus was located at the vapor-liquid
interface, we calculated separately the adsorption probabil-
ities of guest molecules in the gas phase and liquid phase.
From Figure 3, it is found that in the gas phase, guest mole-
cules prefer to be adsorbed (mainly) on the face of pentago-
nal rings exposed to the gas phase, and roughly, each
exposed hydrate ring adsorbs one guest molecule. However,
in the liquid water phase, there are nearly no guest mole-
cules adsorbed on the face of hydrate rings. The difference
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is partly because of the limited solubility of guest molecules
in the water phase due to the hydrophobic nature of the LJ
guest molecules. Another possible reason for this difference
is ascribed to the fact that, in comparison with the water
phase, guest molecules diffuse more rapidly in the vapor
phase and, thus, they can reach the face of the hydrate rings
exposed to the gas phase more easily.

The adsorbed guest molecules play an important role in
controlling crystal growth at the vapor-liquid interface.
Hence, a question arises: do the adsorbed guest molecules
behave the same as free ones? To answer this question, we
first calculated the mean square displacement (MSD) curves
of different guest molecules, and the results are given in Fig-
ure 4. The figure indicates that the mobility of guest mole-
cules substantially decreases when adsorbed on hydrate
rings, and the measured MSD is close to that of the enclosed
guest molecules in hydrate cages.

It should be noted that similar results were observed for
all the (e, o) parameters we investigated, although the figures
presented are based on (&5, g,). Therefore, it is a common
mechanism that the hydrate growth begins with adsorption
of guest molecules on the face of hydrate rings, and the mo-
bility of the adsorbed guest molecules is substantially
reduced, similarly to the nucleation process suggested by
Jacobson et al.** For the same reason, Jacobson et al.*’
recently suggested that the adsorbed guest molecules should
be considered as a part of the crystal nucleus.

The effect of € on crystal growth

In this section, we focus on the effects of ¢ on crystal
growth by changing the parameter ¢ from 0.25 to 2.65 kJ/mol,
with the molecular size 0=4.2 A. Because the intermolecular
interaction between guest and water molecules becomes more
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in water phase

0 B 2 3

number of quest molecules adsorbed per hydrate ring

Figure 3. Probability of guest molecules (¢, 0652)
adsorbed on the face of hydrate rings at the
external surface of the hydrate nucleus.

The probability was calculated from the number of
guest molecules within a given distance of 4.5 A to the
center of the water rings at the external surface of the
nucleus. Note that the hydrate rings on the nucleus
surface can be identified by their relatively lower con-
necting index (number of hydrogen bonds), in compar-
ison with those inside the nucleus.
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Figure 4. Mean square displacement (MSD) of guest
molecules (g5, 65) in different status.
The MSD is calculated by averaging over 11 MSDs with
different time origins, with an increment of 0.1 ns.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

attractive when ¢ increases, the solubility of guest molecules
in water phase also increases with increasing .

The effects of the water—guest molecule interaction were
first analyzed from the evolution of the number of hydrate
cages and their distribution at the vapor-liquid interface (Fig-
ure 5). The results indicate that although the hydrate crystal
grows along the vapor-liquid interface, a pronounced differ-
ence exists between the system with a weak water-guest
molecule attraction (Figure 5a) and that with a strong attrac-
tion (Figure 5b). For the former system, the peak of cage
distribution shifts toward the gas phase, but no obvious shift
is observed for the system with the strong water-guest mole-
cule attraction.

The difference between the two systems is ascribed to the
difference of the solubility for guest molecules in the water
phase. For the system with a weak water-guest molecule
attraction (a small &), as will be discussed below, the inter-
face layer is relatively thin and the solubility of guest mole-
cules in both the interface layer and the water phase is rather
low (see Figure 6). In this work, the width of the interface
layer is defined as a region where the densities of both the
two components are more than half of their bulk density (see
the inset of Figure 6b): the upper bound of the interface
layer is located at the position that the density of water
equals to half of the bulk water density, and similarly, the
lower bound is at the position that the density of guest
equals to half of the bulk guest density. The poorly mixing
in interface layer and the low solubility of guest molecules
inside the water phase prevent the nucleus from growing in
the water phase. Instead, the nucleus appearing at the vapor-
liquid interface gradually grows into vapor phase because of
the availability of guest molecules. During the growth pro-
cess, it is found that the free water molecules diffuse toward
vapor phase along the surface of hydrate crystal (see the tra-
jectories of H,O molecules in Figure 7), and behave as a
source of water molecules for the further hydrate growth.
Then, the water molecules are located around the adsorbed
guest molecules on the crystal surface, and form hydrogen
bonds with other water molecules to complete the cage-
enclosing process. Consequently, the hydrate grows along
the phase interface and develops toward the gas phase. This
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Figure 5. Time evolution of the number of cages for
the system with (a) low-soluble guest mole-
cules and (b) high-soluble guest molecules.

The dashed line located at z=0 represents the initial
phase interface at the beginning of the simulation, with
z>0 being gas phase and z<0 being liquid water phase.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

is the reason for the observation in Figure 5a that the peak
of cage distribution shifts toward the gas phase for the sys-
tem with a weak water-guest attraction.

However, for the system with a large ¢, which corresponds
to a strong water-guest molecule attraction, the trend is

1.0
08/
06/
0.4/
0.2}

0.0
1.0

0.8

—— water molecules
—— guest molecules

density (glcm’}

0.6
0.4
0.2

1 1 L 1 . 1
0'-‘}.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25
z (nm)

Figure 6. Density profiles of water and guest molecules
along z-direction sampled (a) far from the
crystal and (b) in the front of the crystal (see
Figure 2).

L

Along the direction of the arrows, the value of ¢ (also
the solubility of guest molecules) increases from &; (0.65
kJ/mol), through &, (1.45 kJ/mol), to & (2.25 kJ/mol),
whereas the ¢ is fixed at o, (4.2 A). The dashed line
located at z=0 represents the initial phase interface at
the beginning of the simulation, with z>0 being gas phase
and z<0 being liquid water phase. The inset of Figure 6b
gives a schematic drawing of the interface layer. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]
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Figure 7. Trajectories of molecules near the surface of

hydrate crystal for the system with guest
molecules (g4, 65).
In the figure, the trajectories of H,O molecules are
denoted by thick curves, whereas those of guest
molecules are shown by thin curves. The positions of the
molecules shown in the figure correspond to the end of
the trajectories. The dashed line represents the center
of the initial phase interface. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com]

different: no obvious shift of cage distribution toward the
vapor phase is observed. This is because the higher solubility
of guest molecules at the interface layer and that in water
phase provides a source of guest molecules for the hydrate
growth. In this situation, different from the situation with a
weak water-guest molecules attraction, the hydrate growth
occurs mainly in the interface layer. For the same reason,
the formation rate of hydrate crystal increases with the solu-
bility of guest molecules (see Figures 5a, b). It should be
noted that different water—guest molecule interactions would
result in different values of the equilibrium formation tem-
perature of the corresponding clathrate hydrates. Larger ¢
results in higher equilibrium formation temperature, or in
other words, higher degree of supercooling at specified tem-
perature. A high degree of supercooling is found to favor the
formation of amorphous structure.*' Therefore, although all
our simulations were preformed at the same temperature of
275 K, for different systems the driving force for hydrate
growth is actually different as a result of different degree of
supercooling. The observation that hydrophilic guests will
result in a faster growth of the hydrate crystal, can be under-
stood as a result of high solubility and high supercooling,
both of which are caused by the strong water—guest molecule
interaction.

Our simulations also indicate that the structure of the
interface layer, which affects the hydrate growth, is deter-
mined by the water—guest molecule interaction and influ-
enced by the presence of the hydrate nucleus (Figure 6).
With the increase of ¢ (along the direction of the arrows in
Figure 6a), or equivalently the solubility of the guest mole-
cules, the width of the interface layer would increase. Inter-
estingly, we found that close to the hydrate crystal, the
width of the interface layer increases further (Figure 6b).

The increase of the interface layer width near the hydrate
could be interpreted as a result of the hydrophilic nature of
the hydrate crystal. Because the hydrate crystal can be
described as a hydrophilic cluster and it favors the water
side at the phase interface,>” it can move toward the water
phase freely near the interface layer when it is small. How-
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ever, a large cluster has less mobility to move itself. On the
contrary, small water molecules can move themselves toward
the large hydrate cluster to “wet” the cluster. As a result, the
width of the interface layer increases further. The conjecture
above can be also confirmed in Figure 6, which shows that
widening of the interface layer is mainly due to the change
of density profile of water molecules, rather than that of
guest molecules. Furthermore, the analysis of the center of
the interface layer in Figure 6b also indicates that there
exists a delicate difference: the center is located at guest
side (z>0) for a small ¢, but at z=0 roughly for a large «.

Finally, we must point out that our observation on the
dynamic pathway of hydrate growth is in molecular (nano-
meter) scale: for the system with a weak water-guest mole-
cule attraction, the diffusion of free water molecules from
the liquid phase to the gas phase along the hydrate surface is
required for the hydrate growth. Nevertheless, in micrometer
scale of experimental observations, water molecules in the
vapor phase required for hydrate formation would become
gradually unavailable as the distance from the vapor-liquid
interface increases, because the diffusion of the water mole-
cules over a large distance becomes very slow. In other
words, the shift of the hydrate toward the vapor phase could
be observed only in the molecular scale, as the nucleus only
grows from the locations where both the water and guest
molecules are simultaneously available.

The effect of o on crystal growth

The effects of molecular size on the crystal structure of
hydrates were studied previously by von Stackelberg.42 He
found that with the increase of the size of guest molecules,
the hydrate structure is changed from sII (both 5'%6* and 5'?
cages are filled), through sI and sIT (only 5'%6* cages are
filled), to sH. As to the issue of how the size of the guest
and its solubility affect the nucleation pathways and initial
structure of hydrate nuclei, Jacobson et al.>* found that the
overall nucleation mechanism for all guests is similar, and
there are multiple competing channels to form the nuclei.
The structure of the nuclei, on the other hand, is mainly
determined by the size of guest molecules, rather than the
cage composition or ordering of the stable or metastable
hydrate crystals. In contrast to hydrate nucleation, how the
size of guest affects the growth of the hydrate crystal is still
not fully understood, because of the limitation of experimen-
tal monitoring techniques®™* and the difficulty of simula-
tion methods to distinguish different structures in an
amorphous crystal 20-222340-46-48

Here, we investigated the effects of the size of guest mol-
ecules by changing the parameter ¢ from 2.1 to 6.3 A, while
the depth of potential well was fixed to ¢=1.45 kJ/mol. To
determine whether a hydrate cage belongs to sl, sII, or sH
domains, we modified the vertex perception algorithm origi-
nally developed by Jacobson et al.*'*® to identify sH
domains. Each water molecule in the hydrate crystals is
denoted by an array of (i, j, k, [, m), where the indexes i, j,
k, | and m are respectively the number of 51251262 5126%
5'26%, and 4°5°6° cages containing this water molecule.
Because the water molecules in the hydrate are tetracoordi-
nated to four, other water molecules by hydrogen bonds, that
is, a water vertex shared by four polyhedral cages, we can
expect the summation of i, j, k, /, and m should be four. In
hydrate crystals, vertices (04000) and (13000) belong to sl
lattice,* and vertices (40000), (30100), and (20200) belong
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Table 1. The Vertices in the s, sII, and sH Crystals. [Color table can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

Single Crystal Data

Vertex Structure Atomic Fractional Coordinates' Symmetry

sl (04000) 0.0000 0.5000 0.2500 Do y(42m)
(13000), 0.1841 0.1841 0.1841 C3(3)
(13000), 0.0000 0.3100 0.1154 Cy(m)

sl (40000) 0.1250 0.1250 0.1250 Ta(43m)
(30100) 0.2187 0.2187 0.2187 C3,(3m)
(20200) 0.1823 0.1823 0.3693 Cy(m)

sH (30001) 0.6667 0.3333 0.3643 C3,(3m)
(20020) 0.8680 0.1320 0.5000 Coy(mm)
(10012) 0.6139 0.6139 0.1373 Cy(m)
(20011) 0.7910 0.2090 0.2776 C,(m)

In each structure, the center vertex of water molecule is shown in red, and the 512, 51262, 51264, 5%6% and 4°5%° cages are colored as green, blue, orange, cyan,
and purple, respectively.
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Figure 8. Time evolution of cage components of the
amorphous crystal for the system with (a)
small size guest molecules ¢4, (b) middle
size guest molecules o5, and (c) large size
guest molecules o3.
The initial positions of cage components are marked

with circles. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

to sII lattice.*” For sH lattice, there exist four kinds of verti-
ces, that is, (30001), (20020), (10012), and (20011). Table 1
summarizes the vertices in the sl, sIl, and sH crystals,
respectively. After the assignment of water molecules in
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hydrate, we can obtain the number of water molecules
belong to sl, sII, and sH domains, that is, n(sI), n(sIl), and
n(sH), respectively. However, it should be noted that not all
water vertices in a hydrate nucleus can be decomposed into
these three structures: there may exist some pieces in the
nuclei remaining unclassified owing to its amorphousness.

Figure 8 shows the composition evolutions of different
amorphous hydrate nuclei during their growth process. The
location of hydrate composition is represented in this work
by the fractional coordination of (n(sl)/n, n(sll)/n, n(sH)/n),
with n=n(sI)+n(sIl)+n(sH). For the small guest molecules
(Figure 8a), the initial nuclei are of amorphous structure
with the mixing sI and sII cages (nearly having no sH
cages). The composition evolution (Figure 8a) shows that no
favorable structure could be recognized at the end of the
simulation run of 500 ns. This observation means that the
structure transform in this growth process is rather slow, or,
the mixing structure is thermodynamically stable. For the
guest molecules of the middle size, however, the nucleus
grows from the initial amorphous structure and gradually
transforms into a structure dominated by sl unit cells (Figure
8b). The trend of structure evolution is consistent with the
thermodynamic-phase diagram of Matsumoto and Tanaka,”
in which the sl structure is the thermodynamic stable at this
guest size. This observation suggests that the growth of the
sI polymorph is always favored over that of the sII crystal,
and the nucleus may finally grow into an amorphous hydrate
dominated by sl unit cells. For the large guest molecules, the
nucleus grows into a structure dominated by sH structure
instead (Figure 8c).

In general, it is found from our simulations that except for
some cases, such as (&, o) in Figure 8a, the nucleus tends
to evolve into a certain favorite hydrate structure as the
hydrate nucleus grows. To describe the dependence of the
preferable structure on the LJ parameters (¢, ), we show a

& (kJ/mol)

A

40 45 50 55 6.0 6.5

3.5

c (A)
Figure 9. Dynamic-phase diagram of the amorphous

crystal.

The dashed part of the curves corresponds to the situa-
tions that the cage component cannot be exactly deter-
mined. Note that the phase diagram is build at constant
temperature, therefore, different (¢, ) would induce dif-
ferent degree of supercooling and hence different
growth rates of gas hydrate. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com]
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dynamic-phase diagram in Figure 9. The phase diagram
gives the dynamically preferable structures of hydrate growth
processes, which is determined by the component with a
fraction more than 50% at the end of 500 ns simulations.

From Figure 9, we can find that the dynamically prefera-
ble structure is determined, in general, by the value of o,
rather than the water-guest molecule attraction ¢. The figure
shows that a small ¢ usually leads to the sII-motif nucleus,
and the hydrate structure changes into sl-motif with the
increase of ¢ However, if ¢ is large enough the nucleus
would turn into sH-motif. From the dynamic-phase diagram,
we can predict the tendency for the composition evolution of
amorphous hydrate nuclei (as shown in Figure 8) and its de-
pendence on the properties of the guest molecule, namely
the parameter (g, o). Interestingly, the figure shows that the
dynamically preferable structure is basically consistent with
the thermodynamically stable structure.”® Another observa-
tion is that there exist regions in which the dynamically pref-
erable structures cannot be determined, at least at the time
scale we simulated. As a result, the observation in Figure 8a
that no favored structure was found can be interpreted now:
the parameters (¢, o) happen to be located in the range
between sl-motif and sII-motif (Figure 9).

Conclusions

In this work, systematic MD simulations were performed to
illustrate the role of guest molecules played in the process of
hydrate growth at vapor-liquid interface. Here, guest mole-
cules were represented by a commonly used single-site LJ
model, and our simulations spanned a large range of LJ param-
eters (¢, o). In general, our simulations first reveal that the
hydrate growth begins with the adsorption of guest molecules
on the face of hydrate rings with reduced mobility. Then, the
roles of guest molecules in the hydrate growth are investigated
from the effect of the water—guest molecule attractive interac-
tion ¢ and that of molecular size o, respectively.

Our simulation results demonstrate that the water-guest
molecule attraction regulates the pathway and rate of nucleus
growth. For the system with a weak water-guest attraction ¢,
the poor molecule mixing in the interface layer and the low
solubility of guest molecules inside the water phase prevent
the nucleus from growing in the water phase. Instead, the
free water molecules diffuse toward vapor phase along the
surface of the hydrate crystal, and consequently, the hydrate
grows along the phase interface but develops toward the gas
phase. However, for the system with a large ¢, which corre-
sponds to a strong water-guest attraction, the trend is differ-
ent: no obvious shift of hydrate clusters toward the vapor
phase is observed. This is because there are sufficient guest
molecules for the hydrate growth both in the water phase and
at the interface layer. Another observation for the effect of
the water-guest molecule attraction is that at constant temper-
ature a strong water-guest molecule attraction, corresponding
to a high degree of supercooling, often results in a higher rate
of the hydrate growth and a less ordered structure.

As to the effects of the size of guest molecules, we find
that at constant temperature the dynamically preferable struc-
ture is, in general, determined by the molecular size o, rather
than the water-guest molecule attraction. A small value of ¢
usually leads to sII-motif structures, and with the increase of
o the hydrate structure would gradually change into sI-motif.
When ¢ is large enough the hydrate nucleus would develop
into sH-motif. The obtained dynamic-phase diagram in the
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(¢, o) plane demonstrates that the dynamically preferable
structure from our simulations is basically consistent with
the thermodynamically stable hydrate structure.

It should be noted that we investigated here the hydrate
growth process with different guest molecules, covering a
wide range of LJ parameters (¢, o). However, not all the
guest molecules could be well-described by a single-site LJ
potential. For example, the potential ignores the partial
charge and the geometric anisotropy of guest molecules,
which may become important factors in some situations.
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