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Abstract: Clathrate hydrates find diverse significant appli-
cations including but not limited to future energy resources,
gas storage and transport, gas separation, water desalina-
tion, and refrigeration. Studies on the nucleation, growth,
dissociation, and micro/nanoscale properties of clathrate
hydrates that are of utmost importance for those applica-
tions are challenging by experiments but can be accessible
by molecular simulations. By this method, however, identi-
fication of cage structures to extract useful insights is highly
required. Herein, we introduce a hierarchical topology ring
(HTR) algorithm to recognize cage structures with high effi-
ciency and high accuracy. The HTR algorithm can identify
all types of complete cages and is particularly optimized for
hydrate identification in large-scale systems composed of
millions of water molecules. Moreover, topological isomers
of cages and n x guest@cage can be uniquely identified.
Besides, we validate the use of HTR for the identification of
cages of clathrate hydrates upon mechanical loads to
failure.
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1 Introduction

Clathrate hydrates are solid compounds composed of
water and small molecules termed as guest molecules
(such as methane, carbon dioxide, and so on), in which
guest molecules are encased in solid cage-like water struc-
tures. According to conservative estimates, the energy,
mainly methane, contained in the global accumulation
of natural gas hydrate is twofold as that of currently recov-
erable fossil fuels [1] on the earth. Hydrates mainly occur
in the deep-sea sediments, where high-pressure and low-
temperature conditions facilitate their formation [2-4].
With the continuous maturity of technology, the mining
of gas inclusion compounds has gradually become a hot
topic, and these mineral resources are expected to become
an important part of the energy supply in the world. Inclu-
sion complex hydrates are also involved in various scien-
tific fields such as the storage of greenhouse gases [5-8],
the storage of energy gases [9], and the study of antifreeze
protein principles [10-12]. Due to the important role of
clathrate hydrates in a series of important scientific and
technical issues in the field of energy, environment, and
geological disaster prevention, the research of gas hydrates
has become a lasting and important topic [1]. In addition, the
formation of hydrates is likely to cause a series of problems
such as pipeline blockage during natural gas transportation
[13]; therefore, further research on the thermal and mechan-
ical aspects of clathrate hydrates is of essential importance.

Currently, the researches of clathrate hydrate are mainly
carried out through experiments and molecular dynamics
(MD) simulations. In the research on the nucleation and
mechanical properties of clathrate hydrates, it is not easily
accessible to obtain molecular information on the nano-
meter length scale and microsecond time scale through
experimental methods. With the aid of computational mod-
eling, some phenomena that cannot be observed in experi-
ments may be discovered [14]. Therefore, it is necessary to
conduct clathrate hydrate research by MD simulations [15].
Debenedetti and Sarupria [16] realized the spontaneous
nucleation of hydrates by MD, and it is inspired by the use
of MD methods to study the nucleation and growth of
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hydrates, making the MD simulation popular in the study of
clathrate hydrate [17-20]. In addition, although great efforts
have been made in hydrate nucleation, the path is not clear,
and nucleation seems to occur through multiple competitive
paths to varying degrees [21]. Consequently, it is essential to
recognize the cage structure form in the MD trajectories
to extract useful insights. As a result, there have been several
cage recognition algorithms proposed. For instance,
Jacobson et al. [8] connected particles by identifying rings
by treating water as vertices in an undirected graph. After
determining the relationship between rings, the algorithm
searches a five-element ring, which connects five other
pentagonal rings at each edge. This structure is a half
dodecahedral cage, which is called a “cup.” A complete
dodecahedral cage was obtained by merging these cups.
Guo et al. [22,23] designed an algorithm called face-satu-
rated incomplete cage analysis (FSICA) and identified
1,258 complete cages and 7,015 face-saturated incomplete
cages (FSICs). The recognition accuracy of FSICA is quite
high, and FSICA can recognize the surface-unsaturated
cage, which cannot be achieved by other algorithms.
Nguyen and Molinero [24] designed the CHILL + algorithm
that uses staggered and overlapping water bond numbers
to identify water molecules in ice and clathrate hydrates.
Mahmoudinobar and Dias [25] presented the GRADE algo-
rithm to identify the hydrates of the 52 and 56 cage
structures through the combination of the upper and lower
cup-shaped half cages or the combination of four cup-
shaped cages to identify the 526" structure. Recently,
Hao et al. [26] proposed the iterative cup overlap (ICO)
algorithm, which can identify hydrate cages by combining
multiple semicage structures. However, it still remains
deficiencies for these algorithms yet, such as fewer types
of recognizable cages, low recognition efficiency, and
inability to accurately recognize deformed cages.

To address these issues, we proposed the HTR algo-
rithm. The HTR algorithm is written in Java that can iden-
tify any type of water cage. Its advantage is that it has
excellent cross-platform performance while maintaining
high-speed code execution. The compiled “.class” file
package can be run directly on all platforms where the
Java virtual machine is installed without repeated com-
pilation. By comparing with other algorithms, HTR shows
higher efficiency advantages on the basis of accurate
identification, particularly for large systems composed
of hundreds of thousands or even tens of millions of
water molecules. In addition, HTR only requires the least
hardware cost in the identification process because it
does not need to read the atomic information in the entire
system into the memory at one time when identifying the
cage structure for a larger hydrate system.
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2 Algorithm

To improve the maintainability of the program and reduce
the degree of coupling between functions, the HTR algo-
rithm divides the hydrate identification into three steps,
including (i) the segmentation of the clathrate hydrate
system, (ii) the identification of the rings through the water
molecule, and (iii) the identification of the cages through
the identified ring (refer to Figure 1 for more details).

2.1 Identification of the rings

The ring recognition algorithm by the GRADE [25] is on
the basis of the breadth-first search (BFS) method, which
should be the most accurate method for ring recognition
at present. However, the problem brought by this method
is that it will identify many severely deformed rings.
GRADE filters out severely deformed rings because they
seldom form a cage, and only identifies the relatively
stable cages of 5%, 51%6% and 5'%6". At the same time, a
phenomenon was discovered in our study of the structure
of hydrate cages, that is, severely deformed rings usually
appear in some unconventional cages. Therefore, fil-
tering out this part of the rings will inevitably reduce
the accuracy of recognition. Moreover, these unconven-
tional cages are of great importance in the studies of
clathrate hydrate nucleation and thermodynamic proper-
ties. After referring to the various ring deformation con-
ditions proposed by Matsumoto et al. [27], HTR retains all
deformed rings when calculating cages to ensure the
accuracy of identifying unconventional cages. According
to the current general judgment conditions for hydrogen
bond formation, HTR uses a cutoff of 3.5 A and ~HOO at
45° as the hydrogen bond formation conditions. The
reason for setting the hydrogen bond judgment condition
is that Laage and Hynes [28] proposed that the cutoff
should not be greater than 4.0 A and the bond angle
should be less than 50°, and GRADE [25] also adopted
this set of parameters. Using 45° as the bond angle can
minimize the inaccurate identification caused by the ser-
ious deformation of the cage in the process of hydrate
nucleation. The cage identification is based on the MD
simulations with coarse-grained model of water, where
the bond length is determined only by the distance [29,30].

In this study, the hydrate cage studied mainly contains
two characteristics, one of which is that the cage only con-
tains four-, five-, and six-membered rings, and the other is
that the cage is surface saturated, as shown in Figure 1.
Regardless of the type of clathrate hydrate, it usually con-
tains only four-, five-, and six-membered rings.
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2.2 Identification of the cages

The process of HTR recognition of cages can be mainly
divided into two parts: (i) the recognition of the cup-
shaped half-cage structure and (ii) the topology of rings.
Jacobson et al. [8] defined a cup as a half-cage composed
of five-membered and six-membered rings sharing some
hydrogen bonds. Since the HTR algorithm needs to iden-
tify all types of cages, the four-membered ring is also
included in the definition of the cup.

2.2.1 Recognition of the cup
According to the order in which the rings are stored in the

memory, each ring must be used as a bottom ring (Figure 2a).
After selecting a certain ring as the bottom ring, the ring
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library that shares a hydrogen bond with the bottom ring is
generated. All the rings can identify the upper and lower cups
that share the same ring (Figure 2c).

2.2.2 Topology of the ring

From the geometrical perspective, two straight lines that
intersect at one point can uniquely determine a plane,
and similarly, it can be uniquely positioned to a ring
through two hydrogen bonds formed by three adjacent
water molecules. When this happens, the HTR algorithm
will first use one of the rings to perform topology calcula-
tions (Figure 2f). If the current ring cannot be topped with
a complete cage, it will switch to another ring to perform
the topology again. After repeating the aforementioned
ring topology process, when the cage is finally closed
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Figure 1: General flow chart of HTR. The algorithm is mainly divided into three processes: (i) hydrate system segmentation, (ii) ring

recognition, and (iii) cage recognition.
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Figure 2: Scheme of HTR algorithm. Choosing a ring (a) as the bottom ring, we can find all the rings that share a hydrogen bond with this
ring. Through the process (b), the algorithm can find all the rings that share a hydrogen bond with this ring and obtain the two half-cage
structures that share the same ring in (c). Select one of the half cages for the topology of rings, and the three green water molecules at the
edge of the upper half of the cage in (d) can generally be located in the unique ring from the identified ring library. Repeat the ring topology
process, and if the cage cannot be closed, go back to step (e) to use another ring for topology. If the cage is closed, as shown in (g), repeat
the aforementioned topological process for the lower half of the cage and finally get a double-cage structure sharing a ring in (h). If the two
rings in (i) share more than three water molecules, the HTR algorithm will first select one of the rings to obtain the structure (f) and then

proceed to the next topology.

(Figure 2g), the HTR then determined that the identifica-
tion of the cage is completed, otherwise it is considered
that it is not a complete cage. Then, the aforementioned
topological process for the lower cup is repeated, and one
can get the structure of two cages sharing a ring, as shown
in Figure 2h. At this point, the bottom ring has completed
its mission and will no longer appear in other cages
(because a ring can only belong to two cages at most).
The hydrate cage is a polyhedral structure, and the
contact surface of two convex polyhedral cages is a ring.

Since a cage contains multiple rings, the selection of dif-
ferent rings on the same cage as the bottom ring for cage
topology will surely find the same cage. To ensure that
the same cage will not be identified repeatedly, a very
clever algorithm to prevent misidentification has been
added to the HTR. In Figure 3, as the left and middle
cages are identified by the left yellow ring, the yellow
ring is shielded from the ring library. When the middle
cage is identified by the red ring on the right, the yellow
ring on the left can no longer be obtained, thereby the
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Figure 3: Mechanisms of HTR algorithm to prevent duplicate iden-
tification. The yellow ring is at the intersection of two adjacent

cages. When the middle cage is recognized by the yellow ring on the
left, it can no longer be recognized by the yellow ring on the right.

cage is deemed incomplete and the problem of the repeated
identification is avoided.

2.3 Acceleration of HTR algorithm

After referring to the previous hydrate cage identification
algorithms, a common feature can be summarized, that
is, hydrates in large systems cannot be effectively identi-
fied, especially for the MD trajectories with a large number
of frames and water molecules. The efficiency issue of large-
scale system recognition is that the recognition of each cage
needs to traverse the spatial coordinates of all water mole-
cules to determine which are adjacent water molecules.
This means that when a larger system is presented, more

HTR: For cage recognition of clathrate hydrates = 703

particles are needed to be traversed to identify a cage.
Therefore, a power or exponential relationship between
the number of particles and time is shown, which means
that it will be very hard to recognize the cage structures for
large systems.

To solve this issue, HTR divides the system into mul-
tiple blocks, identifies the cage structures separately, and
hence greatly improves the recognition efficiency. As illu-
strated in Figure 4, a clathrate hydrate system is divided
into 4 x 4 x 4 identical subblocks. By the way, the number
of subblocks to be split is determined according to the
size of the system, and the larger the hydrate system, the
more times it will be split. All atomic information of each
small piece after dividing is saved in the local hard disk
and can be identified individually, therefore, the pressure
one the running memory is greatly reduced when HTR
running on a large system. However, it should be noticed
that the segmentation will destroy the completeness of
the cages at the cut surface, which will cause the cages at
the incision to not be accurately identified. For example,
as illustrated by the green block in Figure 4, to accurately
identify the cage structure, the HTR algorithm connects
all the neighboring 26 blocks of the green block and com-
bines them into a whole and only identifies the cage
structure in the green block (Figure 4). By this method,
all the cages at the incision of the green block can be
correctly identified. Once the cages in one block are
recognized, this block is discarded and will not be called
during the recognition process for other blocks. When
HTR running on one neighboring block, all the cages at
the cut surface adjacent to the previous block will be
identified as broken cages, thereby ensuring that the

Figure 4: Cross-sectional view of segmentation of the clathrate hydrate system by HTR algorithm. Adjacent blocks are distinguished by
different colors. The water molecules of different colors in the partially enlarged view come from the blocks adjacent to the central green

block.
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cages at the incision are only one time recognized. As a
result, the recognition time of each subblock is identical,
and in principle, there is a linear relationship between
the number of molecules and the recognition time for an
MD simulation system. It should be reminded that to
avoid missing the large-volume cages, the block size
should be larger than the maximum diameter of the cages
in the simulation systems.

3 Results and discussion

3.1 High efficiency of HTR on cage
recognition of clathrate hydrate

According to the algorithm section, when HTR running
on the green subblock in Figure 4, the time to identify all
the rings in the block is t,, and the time to identify all the
cages in the small block through the rings is ¢.. Then, the
recognition time of the rings of the 27 subblocks centered
on the green block is 27t,, and the recognition time of the
cages is t. (only cages in the green block are recognized).
The total cost time on the green subblock is 27t, + t..
Assuming that the hydrate system is divided into n
blocks, the total identification time will be n(27t, + t.).
The recognition time of the entire system can be accu-
rately predicted only by the number of subblocks and the
recognition time of a subblock. A perfect 5 x 8 x 10 super-
cell of sI-type clathrate hydrate system was selected for
testing, which is shown in Figure 5.

Figure 5 shows that there is a strong relationship
between the block size and the cost time on cage recogni-
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Figure 5: Cage recognition cost time by HTR algorithm as a function
of block size (system: 5 x 8 x 10 sl-type clathrate hydrate, 18,400
water molecules).
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tion for the clathrate hydrate system by HTR. After try-error
tests, a subblock size of 12 A was chosen. The numbers of 52
and 5'%6% cages in a 5 x 8 x 10 supercell of sI-type clathrate
hydrate system are recognized to be 8,000 and 24,000,
respectively, verifying the accuracy of the HTR algorithm.

To verify the recognition efficiency of the HTR algo-
rithm, the sI-type clathrate hydrate systems with different
dimensions were identified. The cost time of each system
as a function of water molecules was plotted in Figure 6,
which is approximately linear with a slope of 1.38 x 107,
The HTR algorithm exhibits an extremely high efficiency
and linear advantages for the cage identification of clath-
rate hydrate large systems. Here, the computer configura-
tion parameters are as follows: operating system: Ubuntu
18.04.5 LTS; hardware architecture: x86_64; Kernel: Linux
5.4.0-81-generic; CPU: Intel(R) Xeon(R) Gold 6128 CPU@3.40
GHz 6 cores; memory: 32G.

In the research area of clathrate hydrates, nucleation
and growth are important research topics. HTR algorithm
was first applied to the nucleation and growth process of
clathrate hydrates. Figure 7 shows the variation in the
number of cages recognized by HTR with the MD simula-
tion time in a homogeneous nucleation process of methane
hydrate systems at a temperature of 250 K and confining
pressure of 500 bar, in which the simulation system is com-
posed of 1,242 water molecules and 216 methane molecules.
As is indicated, the cage recognition speed by HTR is very
efficient, that is, the recognition time of each frame of MD
trajectory is in the millisecond level. To be rigorous, the
simulation system was expanded to be 5 x 6 x 6 times for
the cage recognition by HTR algorithm. It is tested that the
cost time for cage recognition does not change with the cage
numbers, suggesting that the system size (the number of
water molecules) is the only factor for the computational
efficiency of HTR algorithm.

1500 F

1000 u

500 |

Cost time (s)
\

1 1 1 1 1 | X106
0 2 4 6 8 10
Number of water molecules

Figure 6: Cost time of cage recognition by HTR as a function of water
molecules in sl-type clathrate hydrate systems.
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Figure 7: Cost time (black) and number of cages (red) by HTR algo-
rithm along with the simulation time of clathrate hydrate nucleation.

It is summarized from Figure 7 that HTR is able to
accurately predict the time required for cage recognition
as the input files are different. Table 1 lists the cost time of
cage recognition for a similar system by HTR, as well as
literature-reported FSICA [22], GRADE [25], and ICO [26]
algorithms. Note that the MD trajectory with 50 frames is
shared by FSICA, GRADE, and ICO for cage recognition.
The information data such as the time required for cage
recognition and the number of cages are provided by Hao
et al. and Zhang et al. Because we are not able to have the
same MD trajectory and the FSICA, GRADE, and ICO
source codes, a system with similar molecular composi-
tion and 50-frame MD trajectories was achieved by us for
the comparison test of the performance of HTR. The
number of water molecules in the system by HTR is
3,726, while the number of water molecules in the system
by FSICA, GRADE, and ICO algorithms is 3,487. It is found
that the time consumed to identify cage recognition by
HTR is not sensitive to the number of cages in the system.

As indicated by Table 1, HTR shows dozens of times
higher efficiency in the cage recognition for small systems
than FSICA, GRADE, and ICO, although it shows high
efficiency in the cage recognition for large systems that
are challenging for FSICA, GRADE, and ICO. It is worth

Table 1: In a hydrate system with basically the same number of
water molecules, the comparison of the time is required for the four
algorithms to identify. Among them, HTR is the data of this work,
and the other three sets of data are from other articles

Algorithm Total cages Cost time (s)
HTR 15,724 26

FSICA 13,691 16,480 [26]
ICO 13,695 691 [31]
GRADE 4,410 449 [31]

HTR: For cage recognition of clathrate hydrates =— 705

noting that HTR and other algorithms (FSICA, GRADE,
and ICO) do not use the same MD trajectory. The issues
of recognition accuracy and identifiable cage types will
be discussed further in the following section.

3.2 Accuracy of HTR algorithm on cage
recognition of clathrate hydrate

To verify the accuracy of cage recognition by HTR, the
hydrate nucleation simulation system composed of 1,242
water molecules and 216 methane molecules was used for
HTR and GRADE to analyze the simulation trajectory with
1,000 ns. HTR was evaluated by comparing the results of
cage recognition with GRADE. As is known, the perfor-
mance of GRADE on cage recognition also depends on the
setting of filter conditions 81 and §2. To ensure the accu-
racy of recognition, 81 and 62 are set to be 3 A [8]. Figure 8a
compares the variation in the numbers of 5', 5'%?2, 5'%",
and other cages identified by HTR and GRADE with MD
simulation time. For GRADE, there is no curve for “other
cages” because GRADE only recognizes three types of
cages including 5%, 56, and 5'%6". However, HTR recog-
nizes more types of cages, that is, besides the common 5,
5262, and 5'%6" cages, there are other cages that can be
identified by HTR.

To check whether there is over recognition of cages
by HTR, the snapshots of cages recognized by HTR and
GRADE are captured in Figure 8. Apparently, it can be
seen that all the cages identified by GRADE can be also
identified by HTR. However, there are more cages that are
recognized by HTR. This is because GRADE does not con-
sider the periodic boundary conditions and thereby is not
able to identify the cages across the boundaries of the
simulation box, while HTR recognizes the cages across
the boundaries. This also further verifies the accuracy of
HTR recognition.

3.3 Application of HTR algorithm in
nucleation and micro/nanomechanics of
clathrate hydrate

Figure 9 shows the snapshots of cage structures recog-
nized by HTR for a methane hydrate nucleation system.
As shown in Figure 9a, a 4'5'°6? cage appeared at 30 ns
and disappeared within a short simulation time due to
the fluctuation of the system before the nucleation pro-
cess. The number of cages gradually increases along with
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Figure 8: (a) Numbers of 5'2, 5262, 5'26“, and other cages identified by the HTR algorithm and the GRADE algorithm in the entire trajectory.
(b) A snapshot of each cage identified by HTR and GRADE at 1,000 ns.

the simulation time. At about 250-300 ns, the fluctuation
in the number of newly formed cages decreased rapidly
and plateaued (Figure 9d), indicating that the nucleation
process has been completed. After the simulation of 500 ns,
the number of cages reached a plateau (Figure 9d) due to

the fact that nearly all the space of the system were occupied
by the cages (Figure 9c). It is noticed that the unconven-
tional cages of hydrate appeared throughout the trajectory,
especially for the period of 250-300 ns (shown in Figure 8a),
where the number of newly formed unconventional cages
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Figure 9: (a)-(c) snapshots at different times during the nucleation
of clathrate hydrate. The different types of cage recognized by the
HTR algorithm are represented by different colors: light green, pink,
Roland purple, and other colors for 5'2, 5262, 5'26*, and other types
of cages, respectively. (d) Number of newly formed cages in the
system along with time.

increased significantly. These results suggest that the un-
conventional cages are closely related to the nucleation pro-
cess of hydrate, which is consistent with the previous report:
the nucleation/growth path can be well predicted according
to some unconventional cage structures [32]. It should be
pointed out that due to the complexity of the hydrate nuclea-
tion mechanism, one cannot draw a clear conclusion about
the nucleation of hydrate based on such a simple test. While,

() (b)
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despite the importance of the unconventional cages on
hydrate nucleation, there is no effective algorithm for the
recognition of unconventional cages. Thus, the HTR algo-
rithm can provide crucial data for the nucleation mechanism
study of hydrate.

Micro/nanomechanics is another hot research topic
in the study of the clathrate hydrate system. To expand
the scope of the application of HTR, cage recognition of
mechanically deformed sI methane hydrate system with
dimensions of ~46.5 A% x 418.8 A> x 374.6 A>, containing
36,864 methane molecules and 211,968 water molecules,
was performed. Figure 10a shows the side views of the
system at four uniaxial strains of 0.00, 0.22, 0.23, and
0.24. As the uniaxial strain is imposed from 0.00 to 0.22,
the methane hydrate underwent elastic deformation. As a
result, there is no dissociation of 5'2 and 5'%6” cages. In this
deformational stage, both 5% and 5'%6? cages in the system
are deformed. As indicated by Figure 10b, although they
are mechanically deformed, they can be identified by HTR.
For example, the number of 5 and 56 cages identified
by HTR before failure (strain varying from 0.00 to 0.22)
remains to be 9,216 and 27,648, indicating that HTR can
be applied to recognize highly deformed clathrate cages,
which is of importance in the application of micro/nano-
mechanics study of clathrate hydrate. As the strain is
applied to around 0.23, the methane hydrate fails via
brittle cracks in the crystal. The brittle cracks can be char-
acterized by local dissociation by both 5'? and 5'%6° cages
in the system, which is explained by the sudden drop in the
number of 5 and 5267 cages, as illustrated in Figure 10b.
Intriguingly, other types of clathrate cages form at the crack
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Figure 10: (a) Snapshots of strains £ = 0.00, 0.22, 0.23, and 0.24 of the sl-type clathrate hydrate system (with 211,968 water molecules).
(b) Number of different cages identified by the HTR algorithm as a function of strains.
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Figure 11: Snapshots from empty cages to quadruple-occupied cages in clathrate hydrate systems.

boundaries, which can be indicated by Figure 10a and b.
(In Figure 10a, blue indicates 5 and 5'%6% cages, and other
different colors indicate different types of newly generated
cages.) As the uniaxial strain is imposed to 0.24, the system
tends to be stable because the number of all kinds of clath-
rate cages remains constant.

3.4 Recognition of special cage structures in
clathrate hydrate by HTR algorithm

The movement and distribution of guest molecules in
clathrate cages play a vital role in the study of thermo-
dynamics of clathrate hydrates. For example, Liang et al.
[33] revealed the jumping mechanism of CO, hydrate near
the dissociation temperature (310-320 K at 100 MPa) by
MD simulations. Lo et al. [34] discovered the migration of
guest molecules from one cage to another at a much lower
temperature under melting conditions. Lu et al. [35] stu-
died the behavior of guest molecules in the nucleation and
growth of CO, hydrate in the presence of soluble ionic
organic matter. To address this topic, HTR also integrates
the function of tracking and locating the guest molecules,
by calculating the center of mass (CoM) coordinates of
each cage and searching for guest molecules in a sphere
centered on the CoM of each cage. With this function, HTR
can identify cages encapsulate none or multiple guest
molecules. Here, a sI-type polycrystalline methane hydrate

composed of 314,664 coarse-grained water molecules was
generated to test this function. As illustrated by Figure 11,
one clathrate hydrate cage at the grain boundaries of a
polycrystal is able to encapsulate different numbers of
guest molecules (from O to 5). Note that multiple guest
molecules@cage is instantaneously captured, and it is a
metastable structure.

Another integrated function in HTR is the recognition
of isomers cages. Commonly, the naming of one clathrate
hydrate cage is defined according to the number of four-,
five-, and six-membered rings in the cage, while the
topology of the rings is ignored. From the topological
perspective, a cage shows several possible arrangements
of four-, five-, and six-membered rings, although it is
composed of a specific number of polygonal rings. As
such, a cage with identical polygonal compositions but
different topology is termed as topological isomers of the
cage. In HTR, the arrangement of the rings neighboring the
four- and six-membered rings is the key to recognize iso-
mers. Since HTR recognizes cages based on the topology of
the ring, the arrangement of the rings around each ring
can be easily determined, and thereby isomers of cages
can be identified. In this study, the aforementioned
large-scale polycrystalline methane hydrate sample sub-
jected to uniaxial tension was employed to explore the
isomers of the clathrate cage. As is known for 5 cage,
there is no isomer of the clathrate cage due to the fact
that it is only composed of five-membered rings.
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Figure 12: HTR identified isomer cages in the polycrystalline stretching process of a system of 314,664 water molecules. (a) The colored
rings are all six-membered rings, and two six-membered rings that share a hydrogen bond are represented by the same color. (b) Number of

isomers and total cages along with the stretching process.

Figure 12a shows the topological isomers of several
clathrate cages (4'5'°6%, 5%6%, 5'%6°, and 5'%6%) identified
from the deforming polycrystalline sample. For clarifica-
tion of topological isomers in the cages, the six-membered
rings are highlighted, and the two adjacent six-membered
rings that share a hydrogen bond are identically colored.

Apparently, for each type of the aforementioned clathrate
cages, there are topological isomers. Figure 12b shows the
variations in the total number of cages and the number of
isomers of cages in the polycrystalline system subjected to
uniaxial strain. Apparently, there is a reduction tendency
in the total number of all types of clathrate cages. For the
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case of the isomers of cages, there is a negligible change in
the number of topological isomers of 4'5'%* and 5'%®
clathrate cages, while the number of topological isomers
of 5"%6* and 5%6° clathrate cage is changeable with uni-
axial strain, and the change range of the number of iso-
mers of 5'%6° is small. However, it is identified that there
are no topological isomers of 4'5'°6? and 4'5'°6° clathrate
cages. By comparing with the conventional cages, the
topological isomers of 56 clathrate cages are predomi-
nated, while the topological isomers of 4'5'°6* clathrate
cages are the least.

4 Conclusion

In this study, an efficient, accurate, and multifunctional
HTR algorithm is introduced for the recognition of clath-
rate cages in a hydrate-based system. HTR is based on ring
topology to identify cage structures, and the efficiency of
cage recognition by HTR is innovatively improved via
the splitting method, leading to the recognition time—the
system size relationship changing from exponential to
linear one. As a result, HTR can be effectively used for
cage recognition of large-scale systems. HTR avoids over-
identification of clathrate cages, and the accuracy and
efficiency of cage identification by HTR were verified with
other popular algorithms. Uniquely, HTR is able to identify
multiple guests@cages and topological isomer structures of
clathrate cages, as well as clathrate cages subjected to
mechanical loads. The presented HTR algorithm is acces-
sible for extracting helpful insights into the information of
clathrate cages in a large-scale system of MD simulations.
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