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ABSTRACT: Molecular dynamics studies have revealed that the nucleation pathway of .;ﬁ* R i’ﬁé 3%

clathrate hydrates involves the evolution from amorphous to crystalline hydrates. In this &L 6 3 & @_'@
study, complete cages are further classified into the standard edge-saturated cages (SECs)
and nonstandard edge-saturated cages (non-SECs). Centered on studying the structure
and evolution of non-SECs and SECs, we propose a novel and efficient algorithm, iterative =
cup overlapping (ICO), to monitor hydrate nucleation and growth in molecular W-sca il ¢ . ‘
simulations by identifying SECs and discuss possible causes of the instability of non-SECs. Q By)) S‘ v - é
Manipulation of topological information makes it possible for ICO to avoid the repeated
searches for identified cages and deduce all SECs with low time costs, improving the
efficiency of identification significantly. The accuracy and efficiency of ICO were verified by comparing the identification results with
other well-proven algorithms. Furthermore, it was found that non-SECs have short lifetimes and eventually decompose or reorganize
into more stable structures. Some evidence suggests that the instability of non-SECs is closely related to the hydrogen-bonding
configuration of water-ring aggregations that they contain. The spontaneous evolution of the hydrogen-bonding network into the
tetrahedral network may be the main factor that causes the conversion of QWRAs and the evolution of non-SECs.

Identification of SECs & ) Study of non-SECs

B INTRODUCTION microscopic mechanisms.'” Walsh et al.'® achieved the first
microsecond simulations of spontaneous hydrate nucleation, a
pioneering work that fully demonstrated the feasibility of
simulating hydrate nucleation, inspiring a series of molecular
dynamics studies of hydrate nucleation and growth. Several
different hypotheses for hydrate nucleation mechanisms had
been proposed, including the labile cluster hypothesis,'”*" the
local structure hypothesis,”' the cage adsorption hypothesis,”*
and the blob hypothesis.”® The latter three hypotheses were
developed from analyzing hydrate nucleation and growth
trajectories of molecular dynamics simulations. Guo et al
proposed the formation of the amorphous intermediate of
hydrates and the possibility of the structural transition from the
amorphous hydrate phase to the crystal hydrate phase in the
cage adsorption hypothesis. After that, Jacobson et al.
suggested that the formation of the amorphous intermediate
from blobs (clusters of solvent-separated guests) is the first
step of the hydrate nucleation pathway.”* The water molecules
surrounding the solvent-separated guests rearrange to form
polyhedral cages, which, if the size and lifetime of the cluster
are sufficient, results in an amorphous hydrate. The second

Gas hydrates are crystalline compounds consisting of
polyhedral cage structures of water molecules enveloping
guest molecules (e.g., methane, carbon dioxide, etc.). Natural
gas hydrates have been regarded as an important natural
energy source and a potential future fuel.' The energy
contained in worldwide gas hydrate accumulations is
conservatively estimated to be twice that of currently
recoverable fossil fuels.” On the other hand, the blockage
caused by hydrate formation is one major issue of pipeline flow
assurance, posing a serious threat to the safety of oil and gas
development.” Furthermore, clathrate hydrates are also
involved in a variety of scientific fields, such as carbon dioxide
sequestration,4_7 hydrogen and natural gas storage,8’9 separa-
tion of gas mixtures,'® desalination of seawater,”'’ and so
forth. Although the eguilibrium thermodynamic'*~"*
structural properties''® of gas hydrates have been well-
understood, the development of relevant scientific research and
industrial applications still urgently require further break-
throughs in the mechanism of gas hydrate formation and
dissociation. Microlevel understanding can provide a theoreti-
cal foundation for the development of technologies for
promoting and inhibiting hydrate formation, which is Received:  October 2, 2020
conducive to exploit the value and potential of gas hydrates Revised:  January 13, 2021
in industrial fields. Published: January 22, 2021
Direct observation of hydrate nucleation and growth by the
experiment was challenging, and studies based on molecular
simulation provided most evidence for the establishment of
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step of the hydrate nucleation pathway stated by the blob
hypothesis is the evolution from amorphous hydrates to
crystalline hydrates, which has been observed in many studies
based on molecular dynamics simulation.”*”>® The multistep
crystallization mechanism for proteins and colloids is very
similar to that of hydrates.”” > Moreover, the previous
research by Zhang et al.’® suggests that there may exist
multiple pathways for nucleation, including metastable
intermediates and the direct formation of the globally stable
phase.

The advancement of hydrate formation and dissociation in
molecular simulations are commonly characterized by order
parameters,” > a quantitative measure of the degree of order
in the system. However, without the aid of cage identification,
existing order parameters cannot distinguish amorphous from
crystalline hydrates or distin§uish regions with different
clathrate crystal structures.”® The two most common
crystalline hydrate structures™'” are structure I containing $'*
(pentagonal dodecahedron) and 5'26 (hexagonal truncated
trapezohedron) cages and structure II containing 5'* and 5'%6*
(hexadecahedron) cages. Amorphous hydrates are composed
of other types of polyhedral cages that do not exist in
crystalline hydrates. For the study of hydrate nucleation using
molecular simulations, sI, sII, and amorphous hydrates can be
distinguished by cage types, and the process of hydrate
formation and dissociation can be quantified by the evolution
of the number of cages. Therefore, the identification methods
of cages are powerful tools for further studying and
understanding the microscopic mechanism of hydrate
nucleation.

Molinero et al.>* developed the CHILL+ algorithm which
uses the number of staggered and eclipsed water—water bonds
to identify water molecules in ice and clathrate hydrate.
Jacobson et al.** developed a method to identify 5'2, 5'26% and
5'26* cages, using the connectivity of water molecules and the
topology of the rings. Walsh et al.*”” implemented a unit-cell
searching algorithm similar to the method proposed by
Jacobson et al. to identify cages, which can identify seven
types of cages. Mahmoudinobar and Dias®® developed an
open-source software package called GRADE to identify 5,
5262 and 5'%6* cages with the same hierarchical approach as
Jacobson et al. In addition, GRADE filters water rings by
nonplanarity and nonconvexity to speed up the calculation. All
the methods mentioned above are able to rapidly identify the
main types of cages formed during hydrate nucleation while
omitting those cage types minor in number, causing a loss of
potentially valuable information. Guo et al.>”** developed a
method called the face-saturated incomplete cage analysis
(FSICA) and identified 1258 types of complete cages and 7015
types of face-saturated incomplete cages (FSICs) from the
nucleation trajectories reported by Walsh et al. FSICA can, in
principle, identify all complete and face-saturated incomplete
cages as long as the diameters of these cages fall between the
spacing between neighboring grid points and the cutoff
diameters of the search range. Due to the specificity of its
identification mechanism, FSICA is highly accurate but also
highly time-consuming compared to other methods due to its
identification mechanism. In this paper, a new identification
algorithm for the cage structures of amorphous phase hydrates,
iterative cup overlapping (ICO), is proposed.

In the crystalline hydrates, each water molecule is hydrogen-
bonded to four other water molecules, forming a tetrahedrally
coordinated structure,>* and the vertexes of each cage are
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shared by exactly three edges of that cage. Therefore, we
further classified the complete cage defined by Guo et al. into
two classes based on the structural characteristics: the standard
edge-saturated cages (SECs) in which each vertex is shared by
exactly three edges and the nonstandard edge-saturated cages
(non-SECs) in which at least one vertex is shared by more than
three edges. SECs are structurally similar to the cages in the
crystalline hydrates, while non-SECs are structurally different
from that. In this work, we focus on the study of the structure
and evolution of non-SECs and SECs, propose an algorithm to
identify SECs, and discuss possible causes of the instability of
non-SECs. The validity, accuracy, and efficiency of ICO were
verified by comparing the identification results of ICO, FSICA,
and GRADE. The results show that ICO is able to identify all
SECs with very low time cost and has the highest estimation
efficiency among the three algorithms. Moreover, the results
also show that non-SECs are unstable structures that exist for
short lifetimes and eventually decompose or reorganize into
other structures. Since the most significant difference between
the structures of non-SECs and SECs is that SECs only contain
ternary water-ring aggregations and non-SECs contain
quaternary water-ring aggregations, there must exist the
difference of the stability between SECs and non-SECs. In
this study, we explore the quaternary water-ring aggregations in
non-SECs and their association with the short lifetime of non-
SECs. Meanwhile, the evolution of SECs can be applied to
monitor the formation and dissociation of hydrates and the
approximate composition of cages. The algorithm we proposed
in this work provides a new idea for the efficient identification
of cage structures of the clathrate hydrates.

B METHODS

Our identification algorithm was inspired by the previous work
of Jacobson et al. They proposed a method for identifying the
cages of sI and sII hydrates by overlapping specific cups based
on specific “merging rules”.’”® For example, each 5'* cage
consists of twelve partial overlapped cups made up of
pentagons.

However, thousands of types of cages may occur in
amorphous hydrates, tracking only three types of cages is not
enough to observe the pathway of hydrate nucleation. On the
other hand, it is difficult to establish overlapping rules for each
type of cages that may occur.

By studying the structural characteristics of cups and cages,
we found that crucial topological information in cups can be
used to automate the process of overlapping cups. Based on
this finding, we developed a novel algorithm, ICO, for the
identification of cages.

Identification of Rings. In this study, water rings are
simplified to undirected topological graphs, with the vertexes
representing water molecules and edges representing hydrogen
bonds connecting water molecules. Two water molecules are
regarded as connected by a hydrogen bond*' when their ro_q
(the distance between oxygen atoms) is no more than 3.5 A
and 2a (the angle between the O—O vector and O—H bond)
is no more than 30°, as shown in Figure 1.

A path is an alternating sequence of vertexes and edges,
where each vertex and edge occurs only exactly once.”” If a
path starts and ends at the same vertex, it is a ring. The most
basic way to search for all the rings in the system is to traverse
all possible paths in the depth-first order.”® Since the main
objects to be identified are the common four-membered, five-

https://dx.doi.org/10.1021/acs.jpcb.0c08964
J. Phys. Chem. B 2021, 125, 1282—1292


pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08964?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Figure 1. Geometric definition of the hydrogen bond.

membered, and six-membered rings in the cage, the maximum
traversal depth is set to seven.

Rings are represented as the sets of vertexes, as shown in eq
1

ring = {vertex,, vertex,, ..., vertex,} (1)
where ring; is an n-membered ring represented as a set of n
vertexes and i is the serial number used to distinguish the rings.

Each n-membered ring in the system will be repeatedly
searched 2n times.* If two rings contain the same vertexes, it is
considered the same structure. Any two rings sharing one edge
are called neighboring rings. After all the rings in the system
are identified, a database containing the topology of rings is
established.

Identification of Cups. Jacobson et al. defined cups as
half-cages formed by sets of five-membered and six-membered
rings sharing some of their edges.*® In this study, we redefined
the structure of cups with more details.

Cups are half-cage structures with an n-element ring as the
bottom and n other water rings as the lateral surface, as shown
in Figure 2. To form a complete cup, an n-membered ring as

Lateral
ring 2

Bottom
Ring Lateral
ring 3
Lateral
ring 4 >

Figure 2. Schematic view of a cup, the red ring is the bottom of the
cup, and the orange rings are lateral rings composing the lateral
surface of the cup. Any two neighboring lateral ring shares one edge,
forming a belt-like closed structure: 1-2—3—4—5—1.

\

Lateral
ring 5

the bottom ring of the cup and its neighboring rings should
meet the following three conditions (A), (B), and (C).

(A) The n-membered ring should have at least n neighboring
rings to form a cup;

(B) The lateral rings of the cup should form a belt-like
closed structure; and

(C) The lateral rings should distribute on the same side of
the bottom ring.

Condition A: as can be seen in Figure 2, the number of
vertexes contained in the bottom ring is equal to the number of
lateral rings, so an n-membered ring should have at least n
neighboring rings to form a cup. Depending on condition (A),
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ICO is able to find all possible bottom rings from the database
of rings.

Condition B: we define the belt-like structure as the head-to-
tail structure where any two neighboring rings should share
exactly one edge, as shown in Figure 2. Figure 3 shows the

Upper Structure

Upper Cup
Bottom Ring

Lower Cup

Lower Structure

Figure 3. Pair of twin cups. The red ring is the bottom ring, and the
orange rings are lateral rings. The bottom ring of a pair of twin cups is
usually the contact surface of two structures/cages.

configuration of a pair of twin cups where two cups share the
same bottom ring. Twin cups are the result of two structures
being in contact. The five-membered ring in Figure 3 has more
than five neighboring rings, satisfying condition (A) and
forming two belt-like structures. Each belt forms a cup with the
bottom ring. According to condition (B), ICO finds all belts
from neighboring rings of each possible bottom ring. However,
not every belt forms cup with its bottom ring. As can be seen
from Figure 4, the n rings distributed on different sides of the
n-membered bottom ring can also form a closed structure

satisfying the definition of the belt.

Figure 4. Two examples of pseudo-cups. The red rings are bottom
rings, and the orange rings are lateral rings. The closed structure in
pseudo-cup (a): 1-2—3—4—1. The closed structure in pseudo-cup
(b): 1-2—3—4—5—6—1.

Condition C: Figure 4 gives two examples of pseudo-cups
that are not complete cups but still meets the first two
conditions. Condition C can avoid the misidentification caused
by pseudo-cups. Note that the lateral rings on the same side of
the bottom ring will not share the same edge of the bottom
ring. For reference, we realize condition C in ICO by requiring
that each edge of a cup’s bottom ring should be shared with
exactly one lateral ring.

By detecting the linking relationships among each ring and
its neighboring rings, all the structures meeting the conditions
A, B, and C can be found and then a database composed of
information about each cup and the rings it contains is
established. Since each cup has only one bottom ring, the
bottom ring is used to distinguish the cups. Given a bottom
ring, up to two corresponding cups can be retrieved from the
cup database.

Identification of SECs. The precondition for allowing a
cage that can be identified by overlapping cups is that each ring
should form a cup with its neighboring rings in the same cage,
which is also a vital feature of SECs. Therefore, a 4°5%6° cage

https://dx.doi.org/10.1021/acs.jpcb.0c08964
J. Phys. Chem. B 2021, 125, 1282—1292
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meeting the standard edge-saturated condition can also be
regarded as consisting of a + b + ¢ overlapped cups.

As shown in Figure S, a 5'26% cage is divided into three belt-
like structures. Note that even though layer 3 has only two

layers

Figure S. Example of the layered structure of cages.

rings, it still meets the definition of a belt-like structure. The
red ring is the starting point for searching the abovementioned
5'6° cage, denoted as ring,,. The belt-like structure connecting
the starting ring is layer; (marked orange). The next two layers
are layer, (marked yellow) and layer; (marked green). The
layered structure of SECs is described by eq 2.

cage; = {ringsp, layer,, ..., layer,}

)

where j is the serial number to distinguish cages and layer, is a

set of rings which form the xth belt-like structure of cage;.
Figure 6 shows the top view of three cups belonging to the

5'26° cage in Figure S. As can be seen from Figure 6, each cup

(®)

©

Figure 6. Top view of three cups belonging to the 5'26> cage shown in
Figure 5. The numbers in the figure are the serial number of rings. In
this figure, ring,, ring,, rings, ring,, and rings are the rings of layer;;
rings, ring,, and ringg are the rings of layer,; and ring, is the ring of
layers.

(except the cup with ringy, as the bottom) contains rings
belonging to three different layers. For example, Figure 6b
shows a cup with ring, as the bottom ring, which contains ring,,
and the rings of layer; and layer,. The linking relationships
among layers contained in the cups are the key to deduce the
rings of the next layer based on the rings of the known layers.
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ICO deduces all the layered structures with each ring formed
in the system as the starting point and further judges whether
identified layered structures are cages based on Euler’s
polyhedron formula. To illustrate how ICO identifies an
SEC, the specific identification process is then demonstrated
with the 5'26® cage shown in Figure S as an example.

The cup with ring,, as the bottom contains all the rings
belonging to layer;. Therefore, given ring,, five rings of layer
are retrieved from the cup database. The union of currently
known rings is denoted as U, ;, including ring,, and rings of
layer, as shown in eq 3.

U1 = {ringSP, layer,} 3)

As shown in Figure 7a, if each ring of layer; as the bottom
ring corresponds to a cup, five cups can be retrieved from the
cup database. An intermediate structure, denoted as U, ,, is
obtained by overlapping the five cups, as shown in Figure 7b.

U, , contains all the rings of the first two layers and ringy, as
shown in eq 4. The relative complement of Uj ; in Uj , is the
next layer, layer,, as shown in Figure 8. B B

Uy, = {eup,, cup,, cup,, cup,, cups}

= {ringsp, layer,, layer,} *

In fact, if a ring of layer, is the bottom ring of a pair of twin
cups and then it has two corresponding cups in the cup
database. Therefore, the intermediate structure obtained by
overlapping cups retrieved from the cup database, denoted as
U, ,’, will also contain cups that are not part of the layered
structure currently being searched (hereinafter, referred to as
the target structure). U, ,’ is described using eq 5

Up , = {cup,, cupz(l) , cupz(z) , cupy, cup,, cup, } ()

where cupz(l) and cupz(z) are a pair of twin cups with ring, as
the bottom ring. U, ," contains at most the same number of
pairs of twin cups as the number of the rings of layer;, and all
the cups outside the target structure requires to be eliminated.

Figure 9a shows a pair of twin cups with ring, as the bottom
appeared in the deduction process, where only cup, (shown
in Figure 9b) belongs to the target structure and should be
used to deduce rings in the next layer. cup,® (shown in Figure
9¢c) is outside the target structure and should be eliminated
from U, ,’. cupz(l) shares three rings with layer; where the
bottom ring of twin cups is located, and cup,¥ only shares its
bottom ring with layer;,. Therefore, the criterion for
determining which cup should be kept is that the cup
belonging to the target structure should share exactly three
rings with the layer where its bottom ring is located.
Comparing each cup of U, ," with layer; and eliminating
those that do not meet the criterion, a set only containing cups
that are part of the cage, Uj ,, is obtained.

As shown in Figure 10, the deduction of layer,,, is similar to
that of layer,: first, an intermediate structure U,_; ..,  is
obtained by retrieving and overlapping cups based on the rings
of known layer,. Then, the cups outside the target structure are
eliminated to obtain U,_, ,,;. Finally, all the rings of layer,_,
and layer, are excluded from U,_, ., to obtain layer,,,
Therefore, the deduction of rings in each layer is an iterative
process, which requires the rings in the last two layers as inputs
and then outputs the rings in the next layer.

Once a termination condition is triggered, the search process
starting from the current ring,, ends, and a layered structure is

https://dx.doi.org/10.1021/acs.jpcb.0c08964
J. Phys. Chem. B 2021, 125, 1282—1292
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Figure 7. Schematic diagram of retrieving and overlapping cups. (a) Five cups are retrieved from the cup database based on the rings of layer,. (b)

Uy , is obtained by overlapping those five cups.

) U,

() layer,

Figure 8. Deduction of the next layer based on the known layers. By
removing U, ;| from U, ,, the remaining structure (c) is layer,.

(b) cup,®

(¢) cup,®

Figure 9. Pair of twin cups with the ring, of the 5'*6 cage (see Figure

5) as the bottom ring.

!axerx layer |

ringSp

layer,

Figure 10. Search for a layered structure starting from the red ring.
The last layer of the layered structure is marked green.

found. Based on the triggered termination condition, the
searched structures can be classified into incomplete structures
and complete cages.
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The termination condition for incomplete structures: if a
ring with no corresponding cup in the cup database occurred
in the deduction process of the target structure, which suggests
that the target structure is not an SEC based on the
precondition mentioned earlier, the iteration should stop.

The termination condition for complete cages: if the second
layer of the target structure has been deduced, then verify after
each iteration that the structure conforms to Euler’s
polyhedron formula (eq 6), where F, V, and E are, respectively,
the numbers of faces, vertexes, and edges in the given structure.

(6)

If the structure conforms to Euler’s polyhedron formula, it
may be a polyhedron. However, in some cases, unclosed
layered structures may also conform to the formula. To ensure
the structure is closed, the rings in the last layer should also
forms cups with its neighboring rings in the cage.

Characteristics of Non-SECs. Since each vertex in SECs is
shared by exactly three edges, three rings sharing a vertex form
a ternary water-ring aggregation (TWRA),44 as shown in
Figure 11. On the contrary, non-SECs contain at least one
vertex shared by more than four edges and the rings sharing
those vertexes form more complex water multiring aggrega-
tions, which is the most significant difference between the
structures of non-SECs and SECs. Figure 11 gives an example
of a non-SEC, where four rings sharing a vertex form a

F+V—-E=2

4251066

Figure 11. 5'2 SEC and 45'°6° non-SEC. The rings filled in blue are
the neighboring rings of A, and the rings filled in purple are the
neighboring rings of B. The polygons surrounded by blue lines
represent the multiring aggregate structures consisting of water rings
that share central water molecules which are vertexes in the red circle.
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Figure 12. Results of the identification of the cages occurring in the trajectory using ICO. Cyan, gray spheres, and red sticks indicate methane
molecules, guest methane molecules, and hydrogen bonds, respectively. (a) Snapshots of cage evolution in the system. (b) Time evolution of 15
most abundant cage types. (c) Doubly occupied cages. (d) Empty cages.

quaternary water-ring aggregation (QWRA). Each 45'%6° cage
has 18 faces, 31 vertexes, and 47 edges, meeting Euler’s
polyhedron formula. As shown in Figure 11, the vertex (the
central water of the QWRA) shared by four edges breaks the
continuity of neighboring rings of the four rings in the QWRA.
For example, both rings A and B cannot form a complete cup
with its neighboring rings. Once the deduction of the
algorithm reaches the third layer of the non-SEC, the
termination condition for incomplete structures is triggered.
Since the structures of non-SECs do not meet the precondition
for overlapping cups, ICO cannot identify non-SECs.

In addition, a recent study** shows that TWRAs are
fundamental structures for characterizing the nucleation
pathway, and the lifetime of TWRAs is closely related to
their structure. Since SECs only contain TWRAs and non-
SECs contain QWRAs or other water multiring aggregations,
there must exist the difference of the stability between SECs
and non-SECs.

B RESULTS AND DISCUSSION

Simulation Details. In this work, a hydrate formation
trajectory was analyzed to demonstrate the performance of the
ICO algorithm. MD simulation was performed using the
LAMMPS package.” The TIP4P/Ice model*® and OPLS-UA
model*” were used for water and methane, respectively. The
constructed simulation box is 50.75 X 50.75 X 50.75 A3,
containing 3487 water molecules and 550 methane molecules,
as shown in Figure S1. MD simulation was carried out for 1500
ns at 250 K and 650 bars to study hydrate nucleation.

Identification Results. ICO deduced the coordinates of
the cage vertexes for each frame of the trajectory and the
obtained new trajectory contained only SECs. Figure 12a
includes four snapshots of the trajectory that only contains
SECs and shows the evolution of cages in the system. The
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evolution of the number of 15 most abundant cage types
identified by ICO is shown in Figure 12b. Since ICO requires
only the coordinates of the water molecules and not that of the
guest molecules to identify the cages, double-occupied cages
and empty cages can also be identified, as shown in Figure
12¢,d.

To verify the validity of the identification algorithm, we
analyzed the trajectory of the simulation using ICO, FSICA,
and GRADE and evaluated ICO’s performance by comparing
the time cost and accuracy of the three algorithms. The FSICA
program used in this study was written in Perl based on
information reported in a previous study”” by Guo et al. The
performance of FSICA is dependent on the spacing between
neighboring grid points and the cutoff radius for searching the
water molecules surrounding hunting sites. GRADE®® used in
this study is an open-source software written in C++, which
can speed up the identification of cages by ignoring deformed
rings. Therefore, the performance of GRADE also depends on
the setting of filter conditions 6, &;, and §,. In addition, the
ICO algorithm was implemented in Python. Multiple sets of
parameters were set for FSICA and GRADE, one of which is
default values reported in refs 36, 37, and the others were set to
test the performance of the algorithms further.

Due to the specificity of the identification method, FSICA
can identify all cages (including non-SECs, SECs, and FSICs)
with a diameter smaller than the cutoff diameter and greater
than the resolution of grid points. The accuracy of the ICO
was evaluated by taking the identification results of FSICA as a
benchmark. Table 1 reports the identification results of three
algorithms for the MD trajectory. The results show that ICO
has an excellent accuracy in identifying SECs that include cages
in crystalline clathrates. However, ICO cannot identify non-
SECs due to the mechanism of the identification. At present,
FSICA is the only method able to identify non-SECs. From
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Table 1. Identification Results of Three Algorithms for the
Last 50 Frames of MD Trajectory”

algorithms ~ average time costs (s) cages in sI, sII SECs non-SECs
1CO 691 6974 13,695 0
FSICA” 376,254 6974 13,695 73
FSICA® 35,397 6974 13,663 73
FSICAY 5918 6965 13,583 69
GRADE* 424 4233 4233 0
GRADE/ 449 4410 4410 0

“Each test was run on a single thread. YThe cutoff radius was set at 6
A. “The cutoff radius was set at 12 A, and the spacing between
neighboring grid points was set at 1 A (default). “The spacing
between neighboring grid points was set at 2 A, and the cutoff radius
was set at 6 A. °5; and &, were set at 1.8 and 2.6 A, respectively
(default). f51 and 8, were set at 3 A (maximum value shown in ref
36).

Table 1, it can be seen that when the cutoff radius decreases or
the spacing of grid points increases, the speed of FSICA will
rapidly improve while the accuracy of FSICA will slightly
decrease, resulting in a significant improvement of identi-
fication efficiency. Therefore, optimization of parameter
selection may allow FSICA to find a balance between accuracy
and speed. To achieve the highest accuracy among the three

algorithms and to observe any potentially valuable information,
FSICA needs to process intensive calculations with high time
costs, which is more suitable for studying the hydrate
nucleation mechanism. The results also show that GRADE
has remarkably low time costs for identifying cages due to
filtering deformed rings. However, the rings of the cages that
form during hydrate nucleation have less planarity and
nonconvexity than those that form during hydrate growth,
which requires increasing values of the three filter conditions in
GRADE beyond their default values for those distorted cages
to be identified. Considering the performance of GRADE, it
should be suitable for monitoring hydrate growth. Compared
with GRADE and FSICA, we evaluate the efficiency of ICO as
“middle to high” due to the ability of ICO to identify most
types of cages with middle to high accuracy and relatively low
time costs. ICO can be applied as an eflicient identification
method for monitoring hydrate nucleation. To demonstrate
each algorithm’s performance comprehensively, we also tested
two segments of the MD trajectory in the early (151—200 ns)
and middle (351—400 ns) stages of hydrate nucleation, as
shown in Table SI. Briefly, these three algorithms should be
applied to different scientific questions.

Significant Advantage. Manipulation of topological
information to deduce cages makes it possible for ICO to
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Figure 13. (a) Time evolution of number of non-SECs and SECs in the system. (b) Lifetime distribution of non-SECs and SECs. (c) Snapshots of
non-SECs and SECs in the system: (A) 300, (B) 350, (C) 400, (D) 450, (E) 500, and (F) 550 ns. Green and black structures represent non-SECs
and SECs, respectively. Blue lines are the boundary of the simulation box. Due to periodic boundary conditions employed, the seemingly

incomplete structures shown in the snapshots are in fact complete cages.
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Figure 14. Time evolution of each non-SEC. Each row of pixels represents the structure evolution of a non-SEC. For each non-SEC, blue
represents that the cage has not formed, white represents that the cage has formed, purple means that cage disappears with the conversion of
QWRAs, and orange means that cage disappears, but QWRAs remain original structures.

avoid the repeated searches for cages that have already been
identified, which is the most significant advantage of ICO and
makes our algorithm more efficient and rapid.

Since cages are undirected graphs, searches starting from
different starting points may find the same cage. Although
repeated searches do not affect the accuracy of the results, they
reduce the efficiency of identification. For example, by
searching for all water molecules within 6 A surrounding
hunting sites, the FSICA can identify cages from the local
hydrogen-bonding network formed by these water molecules.
The hunting sites of FSICA include dissolved guest molecules
and spatial grids in the simulation system. To avoid missing
any of the cages that appear in the simulation system, the
spacing of the grid points needs to be smaller than the
minimum diameter of cages.39 Therefore, each cage in the
system will contain multiple hunting sites and inevitably be
repeatedly searched multiple times according to the identi-
fication principle of the FSICA.

In the case of cage identification by the ICO, the starting
point of the searching for a cage can be any ring contained in
that cage, which indicates that a 4°5°6° cage will be repeatedly
identified a + b + ¢ times. Therefore, the algorithm also has the
problem of repeated searches, but it can be avoided. ICO can
determine whether a layered structure is an identified cage at
the beginning of the deduction.

The contact surface of two convex polyhedral cages in
hydrates should be a ring rather than a three-dimensional cup
structure since two convex polyhedrons’ contact surface is a
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plane. If the contact area of two cages is a cup, their
configuration should be the nested structure in which the
larger cage encloses the smaller cage, and both share the same
cup, as shown in Figure S2. However, this nested structure
does not conform to the tetrahedrally coordinated structure of
water molecules in the hydrogen-bonding network, so it is
impossible to exist in clathrate hydrates. Therefore, the
relationship between cups and cages should be the many-to-
one correspondence, where each cup can only belong to
exactly one cage. To avoid repeated searching of identified
cages, after a cage has been identified, all the cups it contains
should be removed from the cup database. Therefore, ICO will
no longer search for identified cages again.

Study on Instability of Non-SECs. By comparing the
identification results of ICO and FSICA, 1007 non-SECs were
found in the trajectory. Figure 14a shows the numbers of SECs
identified by ICO and non-SECs identified by FSICA over
time. Figure 14a indicates that most cages meet the standard
edge-saturation condition, and therefore, the evolution of SECs
is sufficient to monitor the hydrate formation and dissociation.
Compared with SECs, the number of non-SECs is low and has
no significant change over time. Besides, the crystallization of
clathrate hydrates is the process of converting other cages into
51251262 and 51%6* cages, so the only way for non-SECs to
participate in crystallization is to convert to SECs. Since the
calculation of crystallinity OP** only requires the vertexes of
5'%, 526% and 5'%6* cages, the advance of crystallization of the
system can be quantified by SECs.
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dashed lines represent hydrogen bonds.

The lifetime distribution is calculated by counting the
number of frames that each cage occurs, as shown in Figure
13b. It can be seen from the figure that about 30% of the SECs
only occur in one frame and about 25% of the SECs can persist
more than ten frames. A recent study’" suggests that TWRAs
will evolve toward specific stable structures during hydrate
nucleation. As mentioned earlier, SECs are composed of
TWRAs. Thus, SECs containing unstable TWRAs will
spontaneously convert to more stable SECs, which explain
why about 30% of the SECs are unstable. As shown in Figure
13, the snapshots of SECs and non-SECs in the system show
that the number and location of non-SECs are different in each
snapshot, while the SEC nuclei are growing and expanding.
Furthermore, the lifetime distribution of non-SECs indicates
that most non-SECs only occur in one frame. Since the interval
between the frames of trajectory is 1 ns, the lifetime of most
non-SECs is less than 1 ns, which indicates that non-SECs are
unstable.

The results of the identification of water multiring
aggregations show that only QWRAs and TWRAs exist in
the system. The identification method for water multiring
aggregations is shown in the Supporting Information. There-
fore, the most significant difference between the structures of
non-SECs and SECs is that non-SECs contain QWRAs. The
main factor contributing to the short lifetime of non-SECs
should be the conversion of the structure of QWRAs. To verify
this assumption, we traced all non-SECs and QWRAs they
contain. Figure 14a shows the evolution of the 1007 non-SECs
found in the trajectory, where non-SECs are numbered in the
order in which they appear in the trajectory. It is clear that the
white lines of the non-SECs in Figure 14b are very short and
close to one pixel. Since white pixels represent cages’ presence,
those short lines suggest that the non-SECs in the early stage
of nucleation convert into other structures immediately after
they occur, while the non-SECs in Figure 14c have longer but
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discontinuous white lines interrupted by the purple or orange
pixels, which indicate that the non-SECs in the later stage of
nucleation have longer lifetimes and their structures undergo
several changes caused by the conversion of QWRAs or
TWRAs. These non-SECs correspond to the few non-SECs in
Figure 13b persisting for more than 10 ns. When a non-SEC
disappears, we use purple pixels to indicate that its QWRASs’
structures undergo conversions and orange pixels to indicate
that its QWRAs maintain their original structures. As can be
seen in the figure, only in some rare events, the white lines end
in orange pixels, and almost all of them end in purple pixels,
indicating that the conversion of QWRA:s is closely related to
the disappearance of the vast majority of non-SECs. Besides,
the full-size Figure 14a is shown in Figure S3.

This evidence suggests that non-SECs exist for a short
lifetime after occurence and eventually decompose or
reorganize into more stable structures, which is the most
likely explanation for the continuously low number of non-
SECs, as shown in Figure 13a.

Figure 15a shows two examples of conversion of QWRAs
due to hydrogen bond-breaking of central water molecules,
which were observed by tracing the evolution of non-SECs.
The QWRA was reorganized into a TWRA with one hydrogen
bonds of the central water breaking, which may be the main
reason for the evolution of non-SECs into SECs. As two
hydrogen bonds of the central water breaks, the QWRA cracks
and plays a role of decomposition of the non-SEC. It was
found that each central water molecule and its four
neighboring water molecules distribute in a pyramidal
configuration, which is different from the tetrahedrally
coordinated structure in ice and hydrates.’’**** Generally,
this pyramidal configuration is not stable. The deviation of the
hydrogen-bonding configuration of a water molecule from the
perfect tetrahedral structure can be quantified by the angular
order parameter (AOP).*" The average AOP of water in the
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system shows that the hydrogen-bonding network in the
system spontaneously develops into the tetrahedral network
under the driving force, as shown in Figure 15b. Since the
hydrogen-bonding configuration of QWRASs’ central water
molecules is pyramidal, the tendency for hydrogen-bonding
configuration to convert into tetrahedral may drive the
breaking of hydrogen bonds of central water, explaining the
essence of the conversion of QWRAs, as shown in 15c.

B CONCLUSIONS

In this work, we present a novel identification method for the
cage structures of clathrate hydrates, which can identify all the
SECs in the system to monitor and analyze the hydrate
nucleation and growth in molecular dynamics simulation. ICO
ingeniously uses topological information to identify SECs and
avoids repeated searches for the identified cages, significantly
improving identification efficiency. By comparing with other
proven algorithms, the accuracy and efficiency of ICO were
verified. ICO can be implemented in any programming
language to meet the research needs for monitoring hydrate
nucleation and growth. ICO provides a new approach to
identify polyhedrons from complex networks, with a potential
value in other scientific areas. Furthermore, the results show
that non-SECs exist for short lifetimes and eventually
decompose or reorganize into more stable structures. Since
the hydrogen-bonding configuration of QWRASs’ central water
molecules is pyramidal, the spontaneous evolution of the
hydrogen-bonding network into the tetrahedral network may
be the main factor that causes the conversion of QWRAs in
non-SECs.
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