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Abstract

Guest-host interactions in double clathrate hydrates were investigated through computational molecular-level
simulations. This approach focuses on important molecular properties of CF3Br clathrate hydrates that were not
previously well-characterized. The aim of this study is to investigate the characteristics of guest-host interactions of the
CFsBr molecule in clathrate hydrate structures using quantum mechanical calculations. In the present study, a water
cluster comprising small and large cages, referred to as the cluster, was used to mimic s-I1 clathrate hydrates. The s-I1
cluster was filled with CF3Br as the large cage (I-¢) molecule and H,S, CO,, CH4 as the small cage (s-¢) molecules. The
5245126 cluster, containing a combination of I-c and s-c molecules, underwent energy optimization at the BLYP/6-
31++G(d,p) level using Gaussian 16. As the molecular weight of the guest increased, the interaction between the guest
and host molecules also increased for the 5'2+5'26* cluster. The incorporation of CF:Br into the large cage (1-C)
strengthened the guest-host interactions, leading to greater structural stability. This highlights the potential of clathrate
hydrates for applications in energy storage systems. The guest-host interactions of CFsBr-containing double clathrate
hydrates have been investigated at the molecular level for the first time, contributing to the development of the
thermodynamic and kinetic properties of clathrate hydrates.
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Oz

Cift klatrat hidratlardaki konuk-konak etkilesimleri, hesaplamali molekiiler diizeyde simiilasyonlar araciligiyla
incelenmistiv. Bu yaklagim, daha énce iyi karakterize edilmemis olan CF3Br klatrat hidratlarin dnemli molekiiler
ozelliklerine odaklanmaktadir. Bu ¢alismamn amaci CFsBr molekiiliiniin klatrat hidrat yapuarindaki konuk-konak
etkilesimlerinin kuantum mekanik hesaplamalar ile ozelliklerini incelemektir. Bu ¢alismada, s-1I klatrat hidratlar taklit
etmek igin kiiciik ve biiyiik kafeslerden olugan bir su kiimesi, kiime olarak adlandirilmustir. S-II kiimesi, biiyiik kafes (I-C)
molekiilii olarak CFsBr ve kiiciik kafes (s-c) molekiilleri olarak H.S, CO. CH: ile doldurulmugstur. I-c ve s-C
molekiillerinin bir kombinasyonunu iceren 5'2+5126* kiimesi, Gaussian 16 kullamilarak BLYP/6-31++G(d,p) seviyesinde
enerji optimizasyonuna tabi tutulmugstur. 5'2+5'26* kiimesi icin konuk molekiiliin molekiiler agirligi arttik¢a, konuk ve
konak molekiiller arasindaki etkilesim de artmistir. CF3Br'nin biiyiik kafese (I-c) dahil edilmesi, konuk-konak
etkilesimlerini giiclendirerek yapisal stabilitenin artmasina yol agmistir. Bu durum, klatrat hidratlarin enerji depolama
sistemlerindeki potansivel uygulamalarim vurgulamaktadir. CF3Br igeren ¢ift klatrat hidratlarin konuk-konak
etkilesimlerini molekiiler seviyede ilk kez incelenmis olup klatrat hidratlarin termodinamik ve kinetik ozelliklerinin
gelistirilmesine katki saglayacaktir.
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1. Introduction

Clathrate hydrates (also known as gas hydrates) are solid inclusion compounds comprising an ice-like
network of host water molecules linked through hydrogen bonding. Unlike the ice structure, the
arrangements of water molecules create cavities (host lattice) that can enclose a wide variety of small gas
molecules (<10 A, guests). Clathrate hydrates are known to have three distinct crystalline structures under
appropriate thermodynamic conditions: structure I (sl), structure Il (sIl), and structure H (sH) (Sloan & Koh,
2008; Sloan, 2023). In clathrate hydrate structures, van der Waals interactions between water molecules and
enclosed guest molecules stabilize the host lattice. However, recent studies have experimentally detected
long-lived host-guest interactions. These interactions vary depending on the type of small and large cage
guests and temperature; however, no consistent trend has been reported (Devlin & Monreal 2010a; Uras-
Aytemiz et al., 2011). Similarly, the "all vapor method" has highlighted the significance of host-guest
interactions in determining which guests occupy small cages and which species dominate (e.g., small cage
guests like CO, and CH,4) (Uras-Aytemiz et al., 2011; Uras-Aytemiz et al., 2012). The term expressed as
"equilibrium ratios" is used to determine the amount of competing molecules. The term "equilibrium ratios"
refers to systems where molecules spend the majority of their time at the center of the cage, ensuring that the
conditions for such behavior are met. Under these conditions, the molecules do not form hydrogen bonds. In
the experimental study conducted entirely using the vapor method, the stability of small cage guests relative
to each other while inside the small cage was investigated. The term "equivalency ratios" reflects the effect
of guest-host interactions and is the main subject of this study.

Surfaces play a critical role in gas-hydrate interactions, particularly in the uptake and release of guest
molecules and adsorbates. Despite their clear importance in clathrate hydrate formation, little is known about
the molecular-level structure of the outermost surface of clathrate hydrates (Uras-Aytemiz et al., 2011; Uras-
Aytemiz et al., 2012) or how interior structures and their transformations are influenced by adsorbates. Using
advanced experimental methods with ice nanoparticles, significant progress has been made in understanding
bare hydrate surfaces (Richardson et al., 1985; Fleyfel & Devlin 1988; Fleyfel et al., 1990; Hernandez et al.,
1998; Gulluru & Devlin 2006; Devlin & Monreal 2010a; Devlin & Monreal 2010b; Uras-Aytemiz et al.,
2011; Uras-Aytemiz et al., 2012). Generating bare clathrate hydrate surfaces without losing interior guests
was identified as an essential first step, and this objective has now been achieved. It is crucial that guest
molecules bind only weakly to the hydrate surface while maintaining a stable presence within the hydrate
cages. Theoretical studies like this one investigate how guest molecules (CFsBr in large cages and CHa4, COa,
H:S in small cages) influence the stability of the hydrate lattice. Crystal surfaces in clathrate hydrates are
important because they can undergo structural relaxation, adsorption, or potential rearrangements due to
guest-host interactions. If guest molecules contribute to stronger hydrogen bonding or alter the lattice
parameters, these effects could extend to surface stability, impacting nucleation and growth processes. Some
studies have shown that guest molecule size and polarity affect surface adsorption and the dissolution
behavior of clathrate hydrates. For instance, studies on CH4 or CO: hydrates (Kvamme et al., 2007; Falenty
et al., 2014) suggest that guest molecules contribute to lattice distortions. The study examined the surface
stability and decomposition processes of CO: hydrates, demonstrating that guest molecules exhibit different
behaviors on the crystal surface. Specifically, it was reported that CO- is more stable on the surface, whereas
CHa can escape from the hydrate surface more easily (Falenty and Kuhs, 2009). The interactions of CO. and
CHa on hydrate surfaces have been experimentally investigated, and it has been shown that CO- can adsorb
onto CHa hydrate surfaces (Uchida et al., 2002). The analysis of the surface decomposition mechanisms of
natural gas hydrates has determined that surface stability varies depending on the composition of the guest
molecules (Staykova et al., 2003). Molecular dynamics studies on the stability of hydrate surfaces containing
CH4 and CO: have shown that CO- is more stable than CHa4 due to its surface interactions (Jacobson et al.,
2010). Previous studies have reported that hydrogen bonding occurs between the guest and host molecules.
In this context, Alavi and his group conducted a series of calculations: they examined alcohols (ethanol, 1-
propanol, 2-propanol) in the sll structure, along with propane and butane molecules (large cage guests) and
CHa4 molecules (small cage guests) (Alavi et al., 2010). In another study, they investigated ether molecules
(such as THF and THP) as simple hydrates in the sll structure. These studies reported that ethers and
alcohols form hydrogen bonds with host water molecules. A bulk study examining the hydrogen bonding
between various guest molecules and host water molecules, as observed in experimental data, has been
reported (Alavi and Ripmeester, 2012). What distinguishes this study from others is its investigation of the
contribution of hydrogen bonding between small and large cage guest molecules and host water molecules.
For this purpose, CO2, H2S, CHa, and Xe were selected as small cage guests, and it was stated that CO:
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stabilizes the hydrogen bonding between THF molecules and water. Therefore, determining the
characteristics of double-cage structures will enable a better understanding of interactions in crystal
structures.

Starting with arrays of cold ice nanocrystals, a pair of hydrates was successfully prepared that met these
criteria: specifically, a structure-11 hydrate with large cage CFsBr and small cage H>S (Buch et al., 2009).
FTIR spectra have been obtained for the 3-coordinated water molecules at dangling-oxygen and dangling-
hydrogen surface sites in arrays of clathrate hydrate nanocrystals. In contrast to ice nanocrystals, studies have
investigated whether a "regular" hydrate lattice structure extends to the outermost surface (Buch et al., 2009).
This knowledge of gas hydrates has guided efforts to identify optimal guest mixtures for catalyzing all-vapor
clathrate hydrate formation. The transformation of solids due to external factors is often strongly influenced
by the intrinsic properties of surfaces. Similar to ice nanocrystals, numerous CH nanocrystalline particles are
now easily accessible, and various studies on this subject are available in the literature (Davidson, 1973;
Buch et al., 2004). For example, dangling group frequencies of CFsBr-H»S double clathrate hydrates can be
observed even at 170 K, suggesting that clathrate hydrate nanoparticles are retained at higher temperatures
than ice (Buch et al., 2009). Simple s-1 H,S clathrate hydrate or double s-II CFs:Br-H,S can form at
temperatures as low as 120 K within a one-hour time frame, with H,S acting as one of the guests promoting
low-temperature clathrate hydrate formation.

H,S catalysis can facilitate the incorporation of relatively large guests into large clathrate hydrate cages
under conditions where the same guests would not react with ice. It is known that H.S not only forms the s-I
clathrate hydrate structure but also contributes to the formation of many double clathrate hydrates, where it
serves as the small cage guest (Buch et al., 2009). In order to examine the effect of methane and carbon
dioxide on cage structures, sl and sll double cage structures were initially studied with small cages
containing methane, while the large cages remained empty. Subsequently, methane was added to the center
of the small cages of the sl and sll double cage structures, leaving the large cages empty. The effect of
methane has been analyzed quantum mechanically using different basis sets (Fan et al., 2013; An et al.,
2018).

DFT calculations have been conducted using a double-cage structure, which is a combination of 5*2 and 5*26*
cages. It has been shown that certain substances significantly increase the rate of formation and the final
amount of hydrate formed in a catalytic manner when included in an all-vapor pre-mixture. This catalytic
effect can largely be attributed to the ability of a guest molecule to create ice-like defects, as described by the
Trout-Buch model (Davidson, 1973; Demurov et al., 2002; Buch et al., 2004; Buch et al., 2009; Fan et al.,
2013; An et al., 2018). These defects facilitate the accelerated movement of guest molecules. Recent studies
have reported clathrate hydrate formation results obtained at very low temperatures and pressures (Ghosh et
al., 2019a; Ghosh et al., 2019b). Compared to several known hydrogen-bonding catalysts, the catalytic
activity of CFsBr must originate from a different mechanism. Bromine's effectiveness in catalyzing the
formation of clathrate hydrates via defects associated with halogen bonds could enhance our general
understanding of defect-based processes and potentially lead to the development of more powerful halogen-
bond-based catalysts. For this purpose, the interactions of guest molecules in small cage structures (CHa,
COg, and HS) and the guest molecule in large cage structures (CFsBr) were studied systematically. In this
context, the stability of the CF3;Br molecule in the large cage and how the stability of the specified clathrate
hydrates changes in the presence of small guest molecules placed in the small cage (equivalency ratios) were
investigated.

2. Calculation method

In order to evaluate the stability of the small and large caged guest molecules, this study focuses on the
interactions of guest molecules within the cages. A model is presented here, comprising a combination of 5'2
and 5'26* cages for s-ll clathrate hydrates, based on known structures from diffraction data. The effect of
alternating the small-cage molecule while retaining the same large-cage guest on stability is determined. In
this study, all structures have been subjected to an optimization procedure without fixing the water molecules
(5" refers to 12 pentagonal cage walls). In order to understand the catalytic ability of the CF:Br molecule in
clathrate hydrate structures, systematic quantum mechanical calculations at the DFT level were performed.
In these calculations, the BLYP functional (Becke exchange functional combined with the Lee-Yang-Parr
correlation functional) (Becke, 1988; Lee, Yang & Parr, 1988) was used along with the 6-31++G(d,p) basis
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set. The 6-31++G(d,p) basis set includes polarization (d,p) and diffuse (++) functions, which enhance the
accuracy of describing electron distribution, particularly in weak interactions such as hydrogen bonding and
van der Waals forces, making it suitable for investigating guest-host interactions in clathrate hydrates (Alavi
& Ripmeester 2010;2012; Buch et al., 2004;2009; Takeuchi et al., 2013; Jacobson et al., 2010; Yang et al.,
2015). In the present study, a water cluster comprising a combination of small (5'2) and large (5'26*) cages,
referred to hereafter as the 5'2+5'26* cluster, was used as a model to mimic the s-1l clathrate hydrate. The
51245126* cluster was isolated from the s-11 unit cell, as described in (Takeuchi et al., 2013), and is shown in
Figure 1.

Figure 1. The 5"+ 5%6“ cluster used as model for s-11 clathrate hydrate.

The 5'2+5'26* cluster was filled with CFsBr as the 1-c (large cage) molecule and H-S, CO:, and CH. as the s-C
(small cage) molecules. Each combination of I-c and s-c molecules within the 5'2+5'26* cluster was subjected
to an energy optimization procedure at the BLYP/6-31++G(d,p) level using Gaussian 16 (Frisch et al., 2016).
The initial orientation of all s-c and I-c molecules was kept consistent across combinations and used as the
input geometry. As a result of the DFT calculations, the total charge of the studied structure was determined
to be 0, and its multiplicity was found to be 1. This indicates that the structure is a neutral and singlet-state
system.

The interaction energies of the 5*2+5'6* cluster filled by CFsBr as the I-c molecules, and H,S, CO,, CH, as
the s-c molecules are calculated from the following equations;

AE; = E (5*2+5'%6" cluster contains only s-c molecules) — E (I-c and s-c empty 5'2+5%6* cluster) — E (s-C
molecule monomer)

AE; = E (5'%+5'26* cluster contains only I-c molecules) — E (I-c and s-c empty 5'°+5'26* cluster) — E (I-c
molecule monomer)

AE3 = E (5456 cluster contains I-c and s-c molecules) — E (I-c and s-c empty 52+5%6* cluster) — E (I-c
molecule monomer) — E (s-¢c molecule monomer)

3. Results and discussion
3.1. Dimer structures

The optimized structures of the CFsBr::-H20, HS-:-H-0, CO:---H20, and CHa---H2O dimers are presented in
Figure 2. In Table 1 presents the interaction energies, along with selected distances and angles, for the dimer
molecules.

In the dimer structures presented in Figure 2, which were optimized, there is a weak van der Waals
interaction between the CFs;Br molecule and the water molecule. Since CFsBr is a polar molecule, it can
interact strongly with the water molecule. This causes the oxygen atom of the water molecule to orient
toward the CFs:Br molecule. The interaction between the H>S molecule and the water molecule forms a
structure where the sulfur atom (proton acceptor) interacts with the hydrogen atom of the water molecule
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(proton donor). H.S, being a partially polar molecule, can form hydrogen bonds with the water molecule.
These bonds are strong in terms of interaction energy.

CF3Br...H,0

CO,...H,0

Figure 2. Optimized structures of dimer structures at the BLYP/6-31++G(d,p).

Table 1. The interaction energies and some structural parameters for the the dimers of both s-c and I-c guests
with the water molecule calculated at the BLYP method 6-31++G(d,p) level.

Energy Mean Shortest Diameter Distances (A)
System (kcal/mol) Ow--Ow Guest:+-Ow of cage (A) and angles (deg)
A) A)
CF3Br-+-H>0O -4.2 - Br---Oy 2.95 - Br-C 1.96
C-F 1.36
O-H 0.98
H-O-H 105.1
C-Br---Ow 179.2
CHg-+-H20 -0.1 - H---Oyw 2.67 - C-H 1.09
O-H 0.97
H-O-H 105.0
H-C-H 109.7
C-H---On 178.9
CO2:--H20 -3.4 - C---Ow 2.86 - C-O0 1.18
O-H 0.97
H-O-H 105.5
0-C-O 177.8
C---Hw-Oy 127.3
H.S---H20 -5.9 - S---Oy 2.55 - H-S 1.35
O-H 0.98
H-O-H 105.1
H-S-H 92.54

S-Hw-Ow 166.5

In the CHa---H2O interaction, the geometry of the structure illustrates the behavior between the hydrogen
atom of the CH4 molecule (proton donor) and the oxygen atom of the water molecule (electron acceptor). In
the interaction between CO: and the water molecule, the carbon atom acts as an electron-accepting Lewis
acid, while the water molecule acts as an electron-donating Lewis base. Despite being a linear molecule, CO:
contains partially polar regions. These polar regions interact with the oxygen atom of the water molecule.
The CF:Br, H.S, and CO: molecules exhibit stronger interactions with the water molecule compared to other
molecules. This makes them more stable within clathrate hydrate structures. CHa, due to its apolar nature,
exhibits weak interactions with water, which results in lower stability.
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3.2. Double clathrate hydrates

The optimized structures of the 5'2+5'26* cluster filled with CFsBr as the 1-c molecule and H.S, CO2, and CHa4
as the s-c molecules are shown in Figures 3 and 4. In the present study, the primary contribution to the guest-
host interactions arises from van der Waals interactions.

In Table 2 presents the interaction energies, along with selected distances and angles, for the 5'2+5'26* cluster
filled with CFsBr as the 1-c molecule and Hz.S, CO2, and CHa as the s-c molecules. For comparison, the
dimers of both the s-c and I-c guest molecules with a water molecule are also included (Table 1). It denotes
the average oxygen-oxygen distance among all water molecules in the hydrate cage. The Ow symbol
represents the oxygen atoms in the water molecules present in hydrate structures. The stability of clathrate
hydrates and the properties of the cage structure vary depending on the Ow---Ow distance. The Ow-:-Ow
distance indicates the width, compactness, and relationship of the hydrate structure with hydrogen bonds.
While small guest molecules (e.g., CHa, CO) do not significantly expand the cage, larger guest molecules
(e.g., CFsBr) can increase the Ow---Ow distance.

s
2l SR
= y ; \,%(“

H,S@5'2 + empty@5'264

Figure 3. Optimized structures for the 5% cluster filled by CH4, CO, and H,S as the s-c molecules. All
calculations were done at the BLYP/6-31++G(d,p).

It is interesting to note that the shortest distances between the oxygen atoms of the cage water molecules and
the guest molecules CFs;Br, CH4, CO2, and H>S within the 5'26* cages are very similar to those observed in
their respective dimers with water (shortest Guest---Ow distances). However, the angles (X:--Yw, where Y =
O or H) measured for the encaged molecules in the 5264 cluster deviate from their respective dimer values.
Specifically, the angles are as follows: 152—-163° for encaged CFs:Br compared to 179° for the CF;Br---H20
dimer; 159-163° for encaged CHa compared to 178° for the CHa:--H20O dimer; 134—-143° for encaged CO:
compared to 127° for the CO:---H-O dimer; and 152—-168° for encaged H>S compared to 166° for the
HS-+-H>0O dimer.
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H,S@5'2 + CF.Br@5'26

Figure 4. Optimized structures for the 52+56* cluster filled by CFsBr as the I-c molecule and CH4, CO; and
H>S as the s-c molecules. All calculations were done at the BLYP/6-31++G(d,p).

The interaction energies of different cage structures obtained as a result of geometric optimizations are given
in Figure 5. In Table 2, the interaction energies of the I-c molecules (AE:) when the s-c is empty and those of
the s-c molecules (AEz) when the 1-c is empty are provided. It is well established that host-guest interactions
determine the stability of clathrate hydrate structures. Previous studies have shown that s-c molecules
contribute to the catalytic activity of large-cage molecules. In other words, certain s-c molecules enhance the
hydrogen bonding behavior of I-c molecules. (Davidson, 1973; Demurov et al., 2002; Buch et al., 2004;
Buch et al., 2009; Alavi & Ripmeester, 2012; Fan et al., 2013; Takeuchi et al., 2013; An et al., 2018; Ghosh
et al., 2019a; Ghosh et al., 2019b). According to the values given in Figure 5, negative interaction energy
indicates that the configuration is energetically favorable and stable. This means that guest molecules (such
as HaS, CO., CH4, etc.) form a stable interaction with the cage structure. The cage structures containing
CFsBr generally have more negative energy values, meaning they are more stable. When small cages are
filled while large cages remain empty, the structures have positive interaction energies, indicating that they
are less stable without guest molecules.

The interaction energies of both I-c and s-c molecules (AEs) when they are present together are also given in
Table 2. The results indicate that the interaction energy of CHs@5' with an empty 5'26* cage (4.84 kcal/mol)
is lower than that of CO.@5' with an empty 5'26* cage (3.36 kcal/mol). For 5'%/(guest)@5'26* clusters, the
interaction energy increases with the molecular size of the guest molecule encapsulated in the 5'26* cavity.
Similarly, for CH«@5" with an empty 5'26* cage, when the 5'26* cavity is filled with a CFsBr molecule, the
interaction energy reaches -8.65 kcal/mol. The same trend is observed when CO: is in the small cage and
CF3Br is in the large cage. For CO@5' with an empty 5'26* cage and H>S@5'* with an empty 5'26* cage,
when the 5'26* cavity is filled with a CFsBr molecule, the interaction energies are -10.1 kcal/mol and -11.5
kcal/mol, respectively. The stability of the guest molecules relative to one another was analyzed under the
condition referred to as equivalency ratios. The stability of the guest molecules relative to one another was
analyzed using equivalency ratios, which compare the interaction energies of different guest species within
the hydrate cages. The results show that, regardless of whether the large cages are empty or occupied by
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CFsBr, the interaction energies of small-cage guests follow the order H.S > CO. > CHa.. This indicates that
H.S exhibits the strongest interaction with the hydrate framework, followed by CO: and CHa. The
equivalency ratio approach allows for a systematic comparison of the relative stability of guest molecules
based on their binding strengths and preferred occupancy within the hydrate structure.

Interaction Energies for Different Cage Configurations

5.0 e Data Points
251

0.0 s B o R

—2.5}F

—5.0F}

Energy (kcal/mol)

Cage Configurations

Figure 5. The optimized interaction energies for the 5'2+526* cluster filled with CFsBr as the large-cage (I-c)
molecule and HCN, CO., and H-S as the small-cage (s-c) molecules, calculated at the BLYP method and 6-
31++G(d,p) level.

When the small cages are filled with CHa, CO:, and H>S molecules while the large cages remain empty, the
interaction energies follow the order H.S > CO. > CHa. When the large cages are filled with CF:Br
molecules, the order remains the same: H.S > CO, > CHa. The results indicate that the CFsBr molecule
interacts more strongly with the cage compared to the others. Among the small cage molecules, H-S
contributes the most to the stability of the CFsBr molecule, with an interaction energy of -11.5 kcal/mol,
while CHa contributes the least, with -8.65 kcal/mol. When compared individually, the energy values of the
guest gas molecules vary depending on their positions and orientations within the cages. The polarization
effects of water in these rings also influence the stability of the cage, along with the molecules in the small
cage. The analysis of energy values for dimer structures formed by small and large cage guests with water
reveals that the interaction energy follows the order H.S > CF;Br > CO. > CHa. These findings suggest that
the interactions observed in dimers are also present within cage structures. Similar to the results of previous
studies (Uras-Aytemiz et al., 2012), it demonstrates that these interactions play a critical role in determining
the stability of the cage.

In the presence of guest molecules in the small cage, it was observed that the interaction strength increased
when the CF;Br molecule was introduced into the large cage, compared to the case where the large cage was
empty. Furthermore, the stability of the hydrates increases with the molecular size of the guest molecules in
the cages, as well as with the interaction between the guest molecules and the water molecules (An et al.,
2018).
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Table 2. The interaction energies and some structural parameters for the 5*+5'6* cluster filled by CF3Br as
the I-c molecules, and HCN, CO; and H.S as the s-c molecules calculated at the BLYP/6-31++G(d,p).

Energy Mean Shortest Diameter Distances (A)
System (kcal/mol) Ow-+-Ow Guest...Ow of cage (A) and angles (deg)
A) A)
empty 52 + empty 5'%6* - s-c 275 - sc  7.75 -
l-c 275 - l-c 885 -
empty 52+ CFsBr@56* s-<c 275 Br-O, 354 sc 795 BrC 1.95
AE>=-12.6 C-F 1.36

I-c 2.75 - I-c 8.85 -
CH.@5" + empty 5'%6* s<c 275 H-Oy 281 sc 775 C-H 1.09
AE1=4.84 H-C-H 109.8
C-H---Ow 159.6
I-c 2.75 - I-c 8.85 -
CO.@5" + empty 5'%* s<c 275 C--O, 307 sc 805 CO 1.18
AE;=3.36 0-C-0 179.3
C-O---Hyw 1344
I-c 2.75 - I-c 8.85 -
H.S@5% + empty 5'%6* sc 265 H-0, 231 sc 775 H-S 1.36
AE;=1.53 H-S-H 91.8
S-H---0 167.7
l-c 275 - l-c 8.85 -
CH:@5" + CFsBr @5%6* s-c 275 H---Oy 277 s-¢c 7.65 C-H 1.09
AEz=-8.65 H-C-H 109.2
C-H---Ow 1635
I-c 265 Br-0O, 358 I 8.85 Br-C 1.95
C-F 1.36
F-C-Br 111.3
C-Br---Ow 152.1
CO.@5% + CF3Br @5'%6* s-c 275 C---Oy 299 sc 7.85 C-0 1.18
AE3;=-10.1 0-C-0 179.4
C-O---Hy 14238
I-c 265 Br-0O, 345 I-c 8.85 Br-C 1.95
C-F 1.36
F-C-Br 111.1
C-Br---Ow 154.8
H.S@5' + CFsBr @5*6* s-c 275 H---Oy 225 sc 1.75 H-S 1.36
H-S-H 91.8
AE3=-115 S-H:--0 166.1
I-c 275 Br---0, 364 l-c 8.85 Br-C 1.95
C-F 1.36

4. Discussion and conclusions

The results were discussed in terms of the stability of the CF:Br molecule in the large cage and how the
stability of the specified clathrate hydrates changes in the presence of small guest molecules (H=S, CO., CHa)
placed in the small cage. The structure of an empty cage in the double cage system was found to be less
stable than the double cage structure in which both cages were occupied by guest molecules. Compared to
empty cages, the cages containing guest molecules were more stable.

In the presence of guest molecules in the small cage, it was observed that the interaction increased when the
CF;Br molecule was introduced into the large cage, compared to when the large cage was empty. This
interaction was particularly stronger when an H>S molecule was present in the small cage, compared to other
small cage guest molecules such as CHs and CO.. Here, the first steps were taken using the strong catalyst
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CF3Br, providing further insights into enhancing catalytic power and versatility through the combination of
catalysts. The placement of CFsBr in the large cage (I-c) enhanced the guest-host interactions, thereby
increasing the stability of the structure. This demonstrated the potential applicability of clathrate hydrates in
energy storage systems. It was observed that as the molecular weight of the guest molecule increases (e.qg.,
H:S, CO»), the guest-host interactions become even stronger. This indicates the potential for achieving higher
energy density and greater energy storage capacity.

From the results obtained by examining the stability of guest molecules in double cages, it has been observed
that the presence of guest molecules in the cages influences each other. The effect of other alkanes on the
stability of the double cage will also be explored in future studies. In addition to contributing to basic
science, the findings of this study will advance hydrate research. In particular, these results are significant in
providing a molecular perspective to recent and ongoing experimental studies (at low temperatures in crystal
structures) on clathrate hydrates. Overall, understanding the physical chemistry of gas hydrates is valuable
not only for the science of hydrogen-bonded systems but also for future technological advancements.
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