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In this work, the effects of finite size on the determination of the three-phase coexistence temperature (T3) of carbon
dioxide (CO2) hydrate have been studied by molecular dynamic simulations and using the direct coexistence technique.
According to this technique, the three phases involved (hydrate-aqueous solution-liquid CO2) are placed together in the
same simulation box. By varying the number of molecules of each phase it is possible to analyze the effect of simulation
size and stoichiometry on the T3 determination. In this work, we have determined the T3 value at 8 different pressures
(from 100 to 6000 bar) and using 6 different simulation boxes with different numbers of molecules and sizes. In 2 of
these configurations, the ratio of the number of water and CO2 molecules in the aqueous solution and the liquid CO2
phase is the same as in the hydrate (stoichiometric configuration). In both stoichiometric configurations, the formation
of a liquid drop of CO2 in the aqueous phase is observed. This drop, which has a cylindrical geometry, increases the
amount of CO2 available in the aqueous solution and can in some cases lead to the crystallization of the hydrate at
temperatures above T3, overestimating the T3 value obtained from direct coexistence simulations. The results obtained
in this work highlight that the choice of a correct initial configuration is essential to accurately estimate the three-phase
coexistence temperature of hydrates by direct coexistence simulations.
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I. INTRODUCTION

Gas hydrates, crystalline structures formed by the encap-
sulation of gas molecules within water cages, have garnered
significant attention due to their implications in energy stor-
age, gas separation, and environmental processes1–4. Gas hy-
drates are a subject of considerable interest due to their diverse
applications depending on the guest molecule they encapsu-
late. Hydrogen hydrates, for instance, have been proposed
as an alternative method for storing hydrogen, presenting po-
tential applications in energy storage5–7. On the other hand,
methane hydrates represent a natural and alternative source
of energy, particularly when found in seabed deposits1,8–11.
However, in the context of natural gas transport, hydrate for-
mation within pipelines poses a significant challenge, prompt-
ing research into hydrate inhibition strategies. Ionic liquids,
for instance, have garnered attention as inhibitors in mitigat-
ing hydrate formation during gas transport12,13. In addition
to their occurrence on Earth, clathrate hydrates play a crucial
role in the context of icy satellites within our solar system,
particularly under conditions involving salty water.14–20.

Particularly, carbon dioxide (CO2) hydrates have become
a pivotal area of research due to their profound implications
in addressing global environmental challenges, particularly
those associated with the increasing levels of carbon dioxide
in the Earth’s atmosphere21,22. Thus, CO2 hydrates are of par-
ticular interest in the context of carbon capture and seques-
tration (CCS) strategies, which aim to mitigate the adverse

impacts of anthropogenic CO2 emissions.23–27

In 2015, some of us studied the three-phase equilib-
rium line of CO2 hydrate employing the Direct Coexistence
technique28. We showed that to accurately replicate the ex-
perimental behavior of T3 at various pressures, it was neces-
sary to introduce positive deviations (specifically, χ=1.13) to
the energetic Lorentz-Berthelot (LB) rules. By incorporating
these deviations, we successfully reproduced the three-phase
line of CO2 hydrate, as shown in Fig. 2 (black crosses). It
is noteworthy that our focus was primarily on the coexistence
phase when CO2 was in its liquid state (i.e., above 4 MPa).

When delving into the realm of simulations concerning
CO2 hydrates, it is noteworthy to highlight several notable
contributions in the field. In a pioneering work, Tung et al.29

computed the three-phase line of the carbon dioxide hydrate
using the TIP4P-Ew30 model for water and the EPM231 for
CO2. They obtained a T3 of 285(2) K at 400 bar, in good
agreement with our work of 201528. Another such significant
work was conducted by Costandy et al. in 201532. Similar
to the work of Miguez et al.28, they used the direct coexis-
tence technique and utilized the same force fields (TIP4P/Ice
for water and TraPPe for CO2). However, they employed dif-
ferent cutoff values and altering water-CO2 interactions due
to a distinct deviation from the LB rules. Their findings, par-
ticularly at 400 bar, yielded a T3 of 283.5(1.7) K, differing
slightly from the results obtained by Miguez et al. of 287(2)
K at the same pressure28. In a separate endeavor, Waage and
coworkers33, employing a different technique, evaluated the
dissociation temperature of CO2 hydrate using interfacial en-
ergy calculations. Remarkably, they employed the same force
fields as Costandy et al.32 and Miguez et al.28. However,
the dispersive interactions and cutoff values implemented by
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Waage and the team were distinct from the other works. Their
results showed a T3 of 284.5 K at 400 bar.

There exists other significant works in which the T3 of CO2
hydrates is computed using different force fields for water
and CO2

34,35 or using Monte Carlos simulations in the Grand
Canonical ensemble36. Even there are theoretical works in
which the three-phase equilibrium of this hydrate is evaluated
by using PC-SAFT and Peng-Robinson equation37 or by us-
ing semiempirical equations38. Theoretical calculations us-
ing the van der Waals- Platteeuw have also been employed
to evaluate the occupation of the CO2 hydrates39. Also, the
kinetics of these hydrates have been studied29,40. Even the
addition of salt to the hydrates (due to they can be found
at the seabed) has been computationally studied for CO2
hydrates41 (and recently for methane hydrates in a wide range
of concentrations42,43). Collectively, these works offer in-
sights into the thermodynamics and stability of hydrates under
diverse conditions.

Importantly, in 2022 we developed a new methodology
to evaluate the T3 of gas hydrates baptized as the solubility
method44,45. In short, by calculating on the one hand the solu-
bility of methane in a gas-liquid system (which decreases with
temperature) and on the other hand solubility of methane in
a hydrate-liquid system (which increases with temperature).
The two solubility curves intersect at a certain temperature
that is the T3 at a fixed pressure. We employed this ap-
proach for the methane hydrate44 and for the carbon dioxide
hydrate45 with larger system sizes than in the direct coexis-
tence simulations of previous works but using the same force
fields (TIP4P/Ice + TraPPe) and the same cutoff. By using this
methodology we estimated a T3 of 290(2) K at 400 bar which
slightly differs from previous calculations.

The discussed previous works suggest that system sizes or
cutoff values can have an effect on the determination of the T3.
This observation aligns with earlier research that has delved
into finite-size effects across various systems. Previous stud-
ies, for Lennard-Jones potentials46 or for the evaluation of sur-
face tensions47,48, have investigated the influence of finite-size
effects in different contexts. Additionally, the impact of fi-
nite sizes has been explored in square well fluids49. Notably,
a recent study conducted a comprehensive analysis of how
finite sizes affect the determination of the melting tempera-
ture of ice50. This body of research collectively underscores
the significance of considering finite-size effects in simula-
tions across various systems and provides valuable insights
into their implications on observed phenomena.

In this work, we have conducted a thorough examination
of the finite-size effects influencing the determination of the
three-phase equilibrium temperature for CO2 hydrates. Simi-
lar to our parallel work on methane hydrate finite-size effects,
we have employed the TIP4P/Ice force field for water and the
TraPPe for CO2, and we systematically have varied system
sizes by manipulating the number of molecules in the hydrate,
liquid, and gas phases.

The structure of our study is organized as follows: Section
II outlines the methodology and simulation details, providing
a comprehensive overview of our approach. In Section III, we
present the results, encompassing the three-phase equilibrium

temperatures for different system sizes of carbon dioxide hy-
drate at different pressures. Finally, Section IV encapsulates
the main conclusions drawn from this extensive study, sum-
marizing key findings and insights into the impact of finite-
size effects on the determination of carbon dioxide hydrate
equilibrium temperatures.

II. METHODOLOGY AND SIMULATION DETAILS

In order to study finite-size effects on the three-phase coex-
istence line of the CO2 hydrate, we have employed the same
methodology introduced by Conde and Vega.51 Following this
methodology, the three phases involved (CO2 hydrate, aque-
ous, and pure CO2 phases) are put together in the same sim-
ulation box. Due to the use of periodic boundary conditions,
this arrangement ensures that the three phases are in contact,
with one of the phases surrounded by the other two. In this
work, all the simulation boxes have been generated using the
same arrangement explained previously regardless of the size
and number of molecules of the system.

The CO2 hydrate exhibits a sI crystallographic structure.
The unit cell of the sI hydrate structure is formed by six
tetradecahedrons, 51262, and two pentagonal dodecahedrons,
512 cages. Hence, one sI hydrate unit cell is formed by 46
molecules of water and 8 cages. The initial sI CO2 hydrate
unit cell has been built taking explicitly into account that
hydrates are proton-disordered structures. To obtain this ar-
rangement, hydrogen atoms are placed using the algorithm
proposed by Buch et al.52 This allows the generation of solid
configurations satisfying the Bernal-Fowler rules,53 with zero
(or at least negligible) dipole moment. Also, in this work, we
have assumed single occupancy of all the CO2 hydrate cages,
which means that each cage of the hydrate is occupied by a
molecule of CO2. In this work, 6 different initial configura-
tions have been built by varying the replication factor of the
hydrate unit cell and the number of initial molecules of wa-
ter and CO2 in the aqueous and CO2 phases respectively (see
Table I),

Once the initial configuration is generated, NPT simula-
tions are carried out by fixing the pressure at 8 different val-
ues (see Table II) and varying the temperature. If the selected
temperature is above the temperature at which the three phases
coexist, T3, the hydrate phase becomes unstable and melts. If
the selected temperature is below the T3, the hydrate phase
will grow until extinguishing the CO2 and/or aqueous phases
depending on the initial amount of molecules of CO2 and wa-
ter in both phases respectively. If the amount of water and
CO2 in the aqueous and CO2 phases is the same as that in
the hydrate phase (stoichiometric composition), at T < T3, the
hydrate will grow until extinguishing both phases, and the fi-
nal configuration box will be formed by a unique bulk hy-
drate phase (configurations 1 and 3 from Table I). Contrary,
if the amount of CO2 molecules in the CO2 phase is larger
than the number of molecules of water in the aqueous phase
(using the stoichiometric composition of the hydrate as a ref-
erence), the hydrate will grow until extinguishing the aqueous
phase. In this case, the final configuration box will be formed
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Configuration Hydrate phase H2O-rich liquid phase CO2-rich liquid phase Stoichiometric
Unit Cell Water CO2 Water CO2

0 2x2x2 368 64 368 192 No
1 2x2x2 368 64 368 64 Yes
2 3x3x2 828 144 828 432 No
3 3x3x3 1242 216 1242 648 No
4 3x3x3 1242 216 1242 216 Yes
5 4x4x2 1472 256 1472 768 No
6 4x4x4 2944 512 2944 1536 No

TABLE I: Initial number of molecules for each phase (hydrate phase, liquid phase, and gas phase) in the different configurations
studied in this work. For the hydrate phase, the replication factor of the unit cell is indicated in each case. Configuration 0
corresponds to the original system studied by Míguez et al.28 but it is not studied in this paper. The last column indicates
whether the system composition is stoichiometric.

by a CO2 hydrate phase in equilibrium with a pure CO2 phase
(configurations 2, 4, 5, and 6 from Table I). The evolution of
the system can be determined from the analysis of the poten-
tial energy as a function of the simulation time. If T < T3,
the potential energy will decrease as a consequence of the in-
crement of hydrogen bonds formed when the hydrate phase
grows. Contrary, if T > T3, the potential energy will increase
as a consequence of the destruction of the hydrogen bonds of
the CO2 hydrate phase. Finally, the dissociation temperature,
T3, is estimated by analyzing if the hydrate phase grows or
melts, at a fixed value of pressure, as a function of the temper-
ature. The T3 value is estimated as the intermediate value be-
tween the lowest temperature at which the CO2 hydrate melts
and the highest temperature at which the CO2 hydrate grows
at a given value of pressure. Some of us have previously used
this methodology to study the three-phase coexistence line of
the CO2 hydrate.28 However, in this previous work, only one
size system was used and the finite size effects were not taken
into account.

In this work, all the molecular dynamic simulations have
been carried out using GROMACS (version 4.6, double pre-
cision).54 CO2 molecules are modeled through the TraPPE
(Transferable Potentials for Phase Equilibria) force field55

and water molecules are described using the widely-known
TIP4P/Ice model.56 As in our previous work,28 Lorentz-
Berthelot combining rules have been applied, but the Berth-
elot combining rule for the unlike dispersive interactions be-
tween water and CO2 molecules has been modified by a
ξ = 1.13 factor. This factor was used in order to match the
results obtained in our previous work28 with experimental re-
sults taken from the literature. However, must be taken into
account that this factor is rectifying the discrepancies with
the experimental results, not only for the weakness of the un-
like interaction descriptions of the molecular models but also
for the finite-size effects presented in our previous study. We
have used a Verlet leapfrog algorithm57 to numerically solve
Newton’s motion equations. The time step used is 2, fs since
all the models employed in this work are rigid. We have
also used the Nosé-Hoover thermostat58 and the Parrinello-
Rahman barostat,59 to ensure that simulations are performed
at constant temperate and pressure. The time constant used
for both, thermostat and borastat, is 2ps. It is important to
remark that the barostat has been applied anisotropically to

avoid any stress from the solid hydrate structure. We have
used a cutoff distance of 1.0nm for dispersive and Coulom-
bic interactions. No long-range corrections have been applied
for the dispersive interactions. For the case of the coulombic
interactions, long-range particle mesh Ewald (PME) correc-
tions60 have been applied with a width of the mesh is 0.1,nm
and a relative tolerance of 10−5.

III. RESULTS

In this section, we show the results obtained to understand
the role of finite-size effects in determining the dissociation
temperature, as a function of pressure, of the CO2 hydrate.
As in paper I61, we estimate the T3 in different systems of
varying sizes. Table I shows the initial number of molecules
forming each phase and the unit cell replication factor for the
6 size-dependent configurations. We have also included, for
comparison reasons, the configuration 0 corresponding to the
system studied by Míguez et al.28 In this work, we extend
the study of paper I and consider 8 different pressures in each
configuration, from 100 to 6000bar. This allows to analyze
how the T3 depends on the size of the system simulated in a
wide range of pressures.

As in our previous work, we consider two different scenar-
ios: systems in which the H2O- and CO2-rich liquid phases
are formed from stoichiometric configurations, and systems
in which the liquid phases are formed from configurations
with a higher number of CO2 molecules in the CO2-rich liquid
phase. In the first case, when T < T3, the simulations evolve
into a single phase of CO2 hydrate (configurations 1 and 4).
In the second case, the systems evolve into two phases, CO2
hydrate and CO2-rich liquid phase (configurations 2, 3, 5, and
6). Note that in the first estimation of the three-phase coexis-
tence temperature of the CO2 hydrate, the configuration used
was non-stoichiometric (configuration 0).

Note that the dissociation line of the CO2 hydrate is not
completely analogous to that of the CH4 hydrate considered
in paper I.61 In this case, the three-phase involves the corre-
sponding solid phase and two liquid phases, a water-rich liq-
uid phase and a CO2-rich liquid phase; in the CH4 case, one of
the fluid phases is not liquid since the conditions of temper-
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Configuration Experiment
0 1 2 3 4 5 6

P (bar) 2x2x2 2x2x2 3x3x2 3x3x3 3x3x3 4x4x2 4x4x4
100 284(2) 301(2) 283(2) 287(2) 289(2) 282(2) 289(2) 283.6
400 287(2) 299(2) 286(2) 289(2) 291(2) 284(2) 289(2) 286.2

1000 289(2) 299(2) 287(2) 294(2) 299(2) 286(2) 294(2) 289.7
2000 292(2) 301(2) 291(2) 296(2) 303(2) 289(2) 296(2) 292.6
3000 287(2) 301(2) 291(2) 296(2) 301(2) 291(2) 296(2) 293.7
4000 284(2) 296(2) 289(2) 293(2) 299(2) 289(2) 293(2) 293.4
5000 – 289(2) 284(2) 289(2) 296(2) 281(2) 291(2) 292.1
6000 – 279(2) 276(2) 286(2) 291(2) 276(2) 289(2) –

TABLE II: Three-phase coexistence temperatures (T3), at different pressures, for the CO2 hydrate obtained for the 6 size-
dependent configurations as obtained from MD-NPT computer simulations. Simulations for configuration 0 correspond to
the original simulation obtained the Míguez et al.28 Experimental data taken from the literature is also included in the Table.3

ature and pressure are supercritical and the CH4-rich phase
behaves as a fluid of low density that can be considered as a
gas phase.

A. Effect of the stoichiometric configuration

We first consider two stoichiometric configurations, i.e.,
configurations in which the number of molecules of CO2 and
H2O in the hydrate phases is the same as those in both liquid
phases. The first configuration we analyze (configuration 1) is
a system formed from 368 and 64 water and CO2 molecules
in the hydrate phase (all the cages of the hydrates are fully oc-
cupied, i.e., 8 CO2 molecules per 46 water molecules in each
unit cell in a 2× 2× 2 sI structure) and the same number of
molecules of each species in the liquid phases. According to
the nomenclature used previously in paper I,61 this is a stoi-
chiometric configuration. As we have already seen, it is im-
portant to compare the results obtained from simulations us-
ing stoichiometric systems with simulation data obtained us-
ing non-stoichiometric configurations. In this work, we com-
pare the results with simulation data obtained by Míguez et
al.28 in which some of us estimated the three-phase coexis-
tence temperature of the CO2 hydrate using the same solid
configuration (2×2×2) surrounded by liquid water (with the
same number of water molecules) and a second liquid phase
formed from 192 CO2 molecules, i.e., the triple number than
that of the hydrate phase. This system is the configuration 0.
According to the nomenclature used in this work, configura-
tion 0 is not stoichiometric (see Table I).

We have determined the three-phase coexistence tempera-
ture of configuration 1, T3, in a wide range of pressures, from
100 to 6000bar, following the methodology already explained
in paper I61 and in Section II. We first concentrate at a given
pressure, 2000bar, and then analyze the behavior of the sys-
tem at different pressures. Fig. 1a shows the evolution of the
potential energy of the system, U , as a function of time, at
2000bar and temperatures from 290 to 305K. As can be seen,
two clear behaviors are observed. At the highest temperatures,
302 and 305K, the potential energy increases very quickly
over time, indicating the melting of the CO2 hydrate. How-

ever, at low temperatures, 300, 302, and 305K, the potential
energy shows a sharp decrease, which is more pronounced
as the temperature is lower, indicating that the hydrate solid
phase grows. Since at 302K the potential energy increases and
at 300K, the potential energy decreases, the three-phase co-
existence temperature at 2000bar is estimated at T3 = 301(2).
It is interesting to compare this prediction with the T3 cor-
responding to the configuration 0 at the same pressure. Ac-
cording to Table II, the T3 obtained by Míguez et al.28 was
292(2)K. According to this, the dissociation temperature of
the stoichiometric configuration is 9K above that of the non-
stoichiometric configuration of the liquid phases. This result
is in agreement with our findings in paper I,61 indicating that
the use of stoichiometric configurations produces an overesti-
mation of the T3.

Note that characteristic times at which the CO2 hydrate
crystallizes are shorter than those compared with the CH4 hy-
drate. This is clearly seen comparing Figs. 1a of this work and
Fig. 2a of paper I.61 In both cases, the system has exactly the
same number of molecules in each phase. As can be seen, in
the case of the CO2, crystallization of the hydrate occurs rela-
tively soon, between 10 and 75ns. However, the CH4 hydrate
needs even 200ns to crystallize if temperature is close of the
T3. This is an expected behavior since the solubility of CO2 in
water is 10 times higher than that of CH4 in water. approxi-
mately. This difference in solubility explains the difference in
the growth times of both hydrates.45,62

As we have previously mentioned, stoichiometric configu-
rations simulated at temperatures below the T3 of the hydrate,
at the corresponding pressure, evolve into singular phases of
hydrate. This is confirmed by the sharp decrease in the poten-
tial energy already shown in Fig. 1a. As we will see later, this
behavior indicates that the growing mechanism of the hydrate
from these configurations is not only due to a layer-by-layer
formation of the hydrate. In fact, as it happens with the CH4
hydrate,61 this behavior confirms the presence, not of a bub-
ble of CO2 but a liquid drop of CO2 within the liquid phase.
Recall that CO2 and water exhibit liquid-liquid immiscibility
at the conditions at which the hydrate forms.3 This liquid drop
collapses, at a certain time, producing a very quick formation
of the hydrate phase corroborated by the abrupt decrease in the
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FIG. 1: Evolution of the potential energy, as a function of time, for the 6 size-dependent configuration analyzed in the work. The
results are obtained from MD-NPT simulations at 2000bar.

potential energy at this time. We have checked that the liquid
drop mechanism is observed in the whole range of pressures
considered in configuration 1. It is also important to remark
on the quantitative difference found between the decrease of
the potential energy of the CH4 and CO2 hydrates. In the first
case, as can be seen in Fig. 2a of paper I,61 the sharp decrease
is more pronounced than that compared with the CO2 hydrate,
as shown in Fig. 1a of this work. This indicates a quicker
dissolution of the CH4 bubbles than the CO2 liquid drop. A
more detailed account of the formation of the liquid drops in
the CO2 hydrate is presented below.

In paper I, we have concentrated on the estimation of the
T3 at a fixed pressure, 400bar. In this work, we extend the
study and consider the dissociation temperature of the CO2
hydrate in a wide range of pressures. We have used the same
procedure to evaluate the T3 of the hydrate in a wide range of
pressures, from 100 to 5000bar. At each pressure, we have
simulated several temperatures, separated 5K, from 280 up
to 310K, approximately. The results obtained are presented
in Table II (predictions obtained for the configuration 0 by
Míguez et al.28 are also included for comparison reasons).

To have an overall vision of the results obtained along
the whole range of pressures, we have represented all the
T3 estimated in this work in a PT or pressure-temperature
projection, as shown in Fig. 2. Particularly, Fig. 2a shows
the diagram corresponding to configuration 1. We have
also included the simulation results of the configuration
0, studied by Míguez et al.28 using a non-stoichiometric
configuration (see Table I for further details). As can be

seen, the main effect of using a stoichiometric instead of a
non-stoichiometric configuration is to displace the whole
dissociation line towards high temperatures. Particularly,
the dissociation line of configuration 1 is located 9 − 14K,
depending on the pressure, above the dissociation line of
configuration 0 (non-stoichiometric). Note that at 100bar,
differences between both T3 values are 14K. See the Table II
for further details. Differences between the T3 values of
stoichiometric and non-stoichiometric (2 × 2 × 2) are much
larger than in the case of the CH4 hydrate.61

We now study a second stoichiometric configuration but
considering a larger system. In this case, we replicate the unit
cell of the hydrate three times (3× 3× 3), instead of the two
times of configuration 1 (2×2×2). According to this, the ini-
tial hydrate phase is now formed from 1242 and 216 water and
CO2 molecules, respectively. In order to have the same stoi-
chiometry in the liquid phase, we surround the initial hydrate
phase by a slab with 1242 water molecules and a second slab
with 216 CO2 molecules. This system corresponds to configu-
ration 4 presented in Table I, which is similar to configuration
6 presented in paper I for the CH4 hydrate.61 It is interesting
to compare the results obtained from this new stoichiometric
configuration and check if the CO2 hydrate shows the same
general behavior.

Fig. 1d shows the evolution of the potential energy of con-
figuration 4, as a function of time, at 2000bar and several tem-
peratures, from 285 to 302K. As can be seen, there is an
increase in the time needed to observe the crystallization or
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FIG. 2: Pressure–temperature or PT projection of the dissociation line of the CO2 hydrate. The green squares (a), violet down
triangles (b), maroon diamonds (c), green circles (d), violet left triangles (e), and maroon right triangles (f) represent the pre-
dictions obtained from simulation using the corresponding configuration. The red circles represent the experimental data taken
from the literature3 and the blue curve is the experimental vapor pressure of the CO2. Black crosses stand for the results obtained
in the work of Míguez et al.28

melting of the hydrate. It is worthy to mention that the times
required to observe one of the behaviors are not so large as in
the case of the CH4 hydrate. This indicates again that CO2 hy-
drates grow much quicker than CH4 hydrates due to the high
solubility of CO2 in water. The dissociation temperature of the
hydrate at 2000bar ranges between 302 (the lowest tempera-
ture showing an increase in potential energy) and 300K (the
highest temperature showing a decrease in potential energy).
According to this, T3 = 301(2)K. The corresponding dissoci-
ation temperature of configuration 0 (non-stoichiometric), at
the same pressure (2000bar), is 292(2)K. This is the same
value obtained in the case of configuration 1. The potential
energy curves, as functions of time for temperatures below the
T3, exhibit a similar behavior to those observed in configura-
tion 1 (see Figs. 1a and 1d), with two minor differences: (1)
the slope of the sharp decrease is now lower; and (2) the time
required to observe the decrease is higher. The reason is due
to the large size of configuration 4 compared with that of con-
figuration 1 (3.375 times in terms of number of molecules).
As we will see later, this also confirms the quick formation of
liquid drops before the layer-by-layer growth of the hydrate at
temperatures below the T3.

The complete dissociation line of configuration 4 is also
presented in Fig. 2d in a pressure-temperature projection of
the phase diagram as in the previous case. We have also in-
cluded the results corresponding to configuration 0 obtained
by Míguez et al.28. As it happens for configuration 1 (Fig. 2a),
the dissociation line of configuration 4 is shifted towards
higher temperatures at all pressures. However, the displace-

ment is pressure-dependent if we compare it with the displace-
ment observed in the case of configuration 1. Now, the shift is
smaller at low pressures, similar at intermediate pressures, and
larger at high pressures. This plot, with the results discussed
in the previous paragraph, confirms that the liquid drop for-
mation during the CO2 hydrate growth is caused by the sto-
ichiometric composition of the system, regardless of its size
and the guest.

As in the case of the CH4 hydrate study in our paper I,61 it
is possible to observe the complete growth sequence of a liq-
uid drop for configurations 1 and 4. Here we only show the
formation of the CO2 liquid drop in system 4, which corre-
sponds to the initial 3×3×3 configuration of the hydrate. It
is important to mention that we have observed the same mech-
anism of formation of liquid drops, not only at all the pres-
sures considered in this work (100− 6000bar) for this con-
figuration but also at all of the pressures for configuration 1
(2× 2× 2 system). The main difference between drops ob-
served in configuration 1 is that they exhibit a smaller size
compared with those formed in configuration 3. As an exam-
ple, Figure 3 shows four snapshots that illustrate the evolution
of the configuration 4, at 2000 bar and 285 K. In the first snap-
shot (top), the initial hydrate phase is located on the left, with
the pure water phase in the middle, and the CO2 pure phase
on the right (0ns). In the second snapshot (second panel from
top), a liquid drop of CO2 is formed within the water-rich liq-
uid phase that can be clearly observed next to the water-CO2
interface (3ns). It is interesting to compare this drop with
the CH4 bubble presented in paper I.61 In this case, the drop
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FIG. 3: Snapshots taken at different times during 100ns simulation run for configuration 4 at 285 K and 2000 bar. The for-
mation of a liquid drop and the growth of carbon dioxide hydrate are shown. From top to bottom: t = 0 ns, three-phase initial
configuration. t = 3 ns, formation of a carbon dioxide drop within the liquid phase. t = 4 ns, rupture of the carbon dioxide drop
and the formation of an oversaturated solution. t = 20 ns, complete growth of the CO2 hydrate. Water molecules are represented
as white and red sticks and CO2 molecules as cyan (carbon atom) and blue spheres (oxygen atoms).
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is more difficult to distinguish than in the methane case due
to the high solubility of CO2 in the water-rich liquid phase.
Then, the liquid drop ruptures and supersaturated aqueous so-
lution of CO2 appears in the central region of the simulation
box, as can be seen in the third snapshot from the top shown
in Fig. 1d (4ns). Finally, the last snapshot (bottom) shows the
complete formation of the hydrate phase (20ns). Notice that
this time corresponds to the end of the slope shown in Fig. 1d
when the complete growth of the hydrate occurs. As we have
already mentioned, this is the expected behavior since config-
uration 4 corresponds to a stoichiometric system and the final
state corresponds to a single hydrate phase.

The mechanism of the formation of the bubble, in the case
of the CH4 hydrate, and the liquid drop, in the case of the CO2
hydrate, is completely analogous. However, the time scales
are very different. In the first case, the formation of the bub-
ble corresponds to the exact moment when the potential en-
ergy starts to drop abruptly (see Fig. 2f of paper I). Contrary,
in the second case (CO2), the formation of the drop starts at
0.8ns. Note that potential energy in this case starts to drop at
the beginning of the simulation. In addition to this, the tem-
poral sequence at which the bubble forms, it ruptures, and the
solid phase occupies the whole simulation box in the case of
the CH4 hydrate is 415ns → 440ns → 500ns, approximately.
However, in the case of the CO2 hydrate is really different
3ns → 4ns → 20ns, approximately. The reason for these dif-
ferences has to be found in the high difference between the
solubility of CO2 and CH4 in water: in this case, the high
concentration of CO2 in water acts as a driving force that en-
hances the diffusion of CO2 molecules in the water-rich liquid
phase, the formation of the liquid drop, and finally, the forma-
tion of the complete hydrate phase.

As we have already mentioned, in paper I we have observed
the formation of CH4 bubbles for stoichiometric configura-
tions of the hydrate.61 Particularly, we have discussed in de-
tail not only the formation and stability of the CH4 bubble, but
also its shape. Simulation results of paper I demonstrate that
the CH4 bubbles exhibit a cylindrical shape instead of a spher-
ical one. An obvious questions arises in this context: are the
CO2 liquid drops observed in the current simulations spherical
or cylindrical, as in the case of the CH4 hydrate? To answer
this question, we analyze the snapshot presented in Fig. 3b
(t = 3ns) corresponding to the simulation of configuration 4 at
285K and 2000bar. It is important to recall again that we have
observed the formation of liquid drops of CO2, not only at this
particular pressure but in the whole range of pressures along
the dissociation line of the hydrate. Particularly, we have also
observed the drops in configuration 1 (2× 2× 2). However,
since the solubility of CO2 in water is high (10 times higher
than that of CH4 in water, approximately), it is more difficult
to distinguish the drops. For this reason, we concentrate here
in liquid drops of configuration 4.

Fig. 4 shows the projection of the xz plan (top), as well
as the yz projection (bottom) of the same configuration. To
help the visualization of the drop we have omitted the water
molecules. As can be seen, the second projection (yz) clearly
shows that the liquid drop extends along the whole y-axis of
the simulation box. As it discussed in paper I,61 and accord-

FIG. 4: Snapshots of the xz (top) and yz (bottom) planes taken
for configuration 4 at 285K and 2000bar, showcasing the
emergence of a CO2 liquid drop within the liquid phase at
t = 3ns. For clarity, water molecules are omitted, while CO2
molecules are represented as cyan (carbon atom) and blue
spheres (oxygen atoms). CO2 molecules are visible within the
hydrates on the left and right sides of the figure. In the central
region, CO2 molecules are shown forming a cylindrical liquid
drop.

ing to the Laplace equation, cylindrical interfaces results in
lower solubility than spherical ones but higher than planar in-
terfaces. If the liquid drops were stable and sufficiently large,
the dissociation temperature would be shifted towards higher
temperatures compared with the planar interface. In this work,
as in paper I, drops of CO2 are only stable for 1−20,ns, even
less than in the case of the CH4 bubbles (10−25ns).

In summary, as it happens in the case of the CH4 hydrate,
the presence of liquid drops of CO2 modifies the prediction of
the T3 of CO2 hydrates. This is only observed in liquid config-
urations that have stoichiometric configurations, such as con-
figurations 1 and 4 studied in this work. Hence, we do not
recommend the use of stoichiometric configurations in order
to get reliable predictions of the T3 of CO2 hydrates. Particu-
larly, the recommendation for future studies is to use the con-
figuration 4 (3× 3× 3), which is non-stoichiometric, formed
from an appropriate number of water and CO2 molecules that
allow to simulate the system in a reasonable time.

Before finishing this section, it is important to briefly men-
tion how simulation results obtained from stoichiometric con-
figurations 1 and 4 compare with experimental data taken
from the literature. As can be seen in Figs. 2a and 2d, simula-
tion predictions exhibit large deviations with respect to exper-
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imental data. This is expected since, according to our previous
discussion, the use of these kinds of configurations produces
an overestimation of the T3 at all the pressures along the dis-
sociation line of the hydrate. We shall discuss in detail this
issue in the last section, where we present the finite-size ef-
fect of non-stoichiometric configuration on the T3 along the
dissociation line of the CO2 hydrate.

B. Effect of the overall size

Once we have analyzed in detail the effect of using two
different stoichiometric configurations to determine the dis-
sociation temperature of the CO2 hydrate in a wide range of
pressures, we now turn on to study the finite-size effects on T3
for non-stoichiometric configurations. In this first section, we
concentrate on finite-size effects due to the same increase in
the number of molecules in each of the phases involved.

The control configuration used in this section is again con-
figuration 0, with 992 total number of molecules, and an ini-
tial configuration formed from 432 (368+64) water and CO2
molecules in the hydrate phase, 368 water molecules in the
water phase, and 192 CO2 molecules in the CO2-rich liquid
phase. Note that the non-stoichiometric composition of the
liquid phases is verified since the number of CO2 molecules
in that phase is three times the number corresponding to the
stoichiometric composition (192 = 3×64). Note that the size
of the interfacial area and the length of the simulation box per-
pendicularly to the interface also increase. We first determine
the dissociation temperatures, in the whole range of pressures
already considered in the previous section, of configuration 3.
According to Table I, this configuration contains a total num-
ber of molecules equal to 3348. This means that the system
size, in terms of the number of molecules, is multiplied by a
factor of 3.375, keeping the non-stoichiometric composition
of the liquid phases. As can be seen in Table I, the number of
molecules of each species is multiplied by this factor in each
of the phases forming the initial simulation box of configura-
tion 3.

We have determined the three-phase coexistence tempera-
ture of configuration 3, in the same range of pressures consid-
ered previously (from 100 to 6000bar). Fig. 1c shows the evo-
lution of the potential energy of the system, U , as a function of
time, at 2000bar and temperatures from 285 to 305K. As in
the case of the stoichiometric configurations, we observe the
same two behaviors: at the highest temperatures, 298, 300,
and 305K, the potential energy increases very quickly over
time, indicating the melting of the CO2 hydrate. However, at
low temperatures, 295, 290, and 285K, the potential energy
shows a decrease, which is more pronounced as the tempera-
ture is lower, indicating that the hydrate solid phase is grow-
ing. The three-phase coexistence temperature at 2000bar is
estimated at T3 = 296(2) (at 298K the potential energy in-
creases and at 295K, it decreases).

It is interesting to compare the evolution of the potential
energy obtained in this configuration and those correspond-
ing to the stoichiometric configurations, 1 and 4. Although
system sizes are different, it is clear that the characteristics

sharp decreases observed in Figs. 1a and 1d are not seen in
Fig. 1c. The reason, as clearly stated in paper I,61 is that con-
figuration 3 is not stoichiometric. According to this, the T3
value corresponding to this configuration is reliable and can
be compared with confidence with that obtained by Míguez
et al.28 for configuration 0. According to Table II, the T3 at
2000bar was 292(2)K (configuration 0). In other words, the
dissociation temperature of the configuration 3 is 4K above
that of the configuration 0. This result suggests that there is a
finite-size effect on T3 that displaces the dissociation temper-
ature towards higher temperatures, making the hydrate phase
more stable at this pressure.

To confirm the stabilization of the hydrate when the num-
ber of molecules considered in the simulation box is increased
(by a factor of 3.375), we have determined the T3 at the whole
range of pressures, from 100 to 6000bar. Results are pre-
sented in Fig. 2c. As can be seen, the dissociation line corre-
sponding to configuration 3 (maroon diamonds) is systemati-
cally displaced with respect to the results obtained from con-
figuration 0 (black crosses). Simulation data obtained from
MD-NPT simulations is also included in Table II. Displace-
ment is not homogeneous. At low pressures (below 400bar),
the T3 increases ∼ 2K, resulting in good agreement with pre-
vious results within the error bars. However, as the pressure is
increased, displacement increases ∼ 4− 5K at intermediate
pressures (1000 and 2000bar. Finally, at the highest pressures
(≥ 3000bar), the T3 is shifted 7−9K.

To better understand the finite-size effect on the location of
the dissociation line of the CO2 hydrate, we go further and
consider a new larger system. Configuration 6 is formed from
a total number of molecules equal to 7936, 3456 correspond-
ing to the (stoichiometric) hydrate phase, and 4480 molecules
to the non-stoichiometric liquid phases. Note that now, the to-
tal number of molecules in configure 6 is 8 times larger than
in configuration 0. Details of the particular number of water
and CO2 molecules can be inspected in Table I. As in the pre-
vious cases, we first concentrate on the determination of the
T3 at an intermediate pressure, 2000bar. As can be seen in
Fig. 1f, the system melts at the two highest temperatures con-
sidered, 298 and 300K, and freezes at 295 and 290K. Accord-
ing to this, the T3, at 2000bar, is 296(2)K. Similarly to what
happens with the previous non-stoichiometric configuration 3
(Fig. 1c), the evolution of the potential energy, as a function
of time, behaves without the characteristic sharp drop asso-
ciated with configuration 1 and 4 shown in Figs. 1a and 1d.
Note that now, the time required to observe crystallization is
much larger than in smaller systems: in configuration 3, we
observe crystallization before 100ns. However, in configura-
tion 6 we see that at temperatures close to the T3, i.e., 295K,
crystallization occurs for times higher than 300ns.

According to the results discussed in the previous para-
graph, the T3 predicted in configurations 3 and 6 are equal,
296(2)K. Taking into account the results obtained for the
CH4 hydrate in paper I,61, an obvious question arises: is it
necessary to simulate systems as large as the configuration 6
to predict T3 values without finite-size effects? To answer this
question, we have obtained the rest of the dissociation tem-
peratures at different pressures. The results are presented in
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Fig. 2f. As can be seen, there is a similar shift of the disso-
ciation line of configuration 6 (maroon right triangles) with
respect to that of configuration 0 (black crosses) in Figs. 2c
and 2f, indicating that we have achieved an asymptotic limit.
A careful inspection of Table II confirms this hypothesis: ex-
cept for the T3 value at 100bar, the T3 values of configurations
3 and 6 are identical (within the error bars). In summary, con-
figurations 3 and 6, formed from the larger unit cells (e.g.,
3× 3× 3 and 4× 4× 4) show convergence of the T3 values.
This suggests that no finite-size effects exist for these system
sizes.

C. Effect of size of the interfacial area

In the previous section, we have analyzed the finite-size
effects of non-stoichiometric configurations on the dissocia-
tion line of the CO2 hydrate varying the number of molecules
in the system isotropically, i.e., increasing the initial hy-
drate phase in the three directions (2× 2× 2, 3× 3× 3, and
4× 4× 4). In addition to this, we consider the same number
of water molecules in the aqueous phase and with three times
more molecules of CO2 in the CO2-rich liquid phase to avoid
stoichiometric configurations in the liquid phases. We have
demonstrated that there exist finite-size effects associated with
these changes.

We now investigate if the size of the interfacial area of the
simulation box affects the T3 of the CO2 hydrate. To this end,
we proceed similarly but considering two configurations in
which the initial hydrate phases are formed replicating the unit
cell as 3×3×2 (configuration 2) and 4×4×2 (configuration
5). The corresponding liquid phases are formed from the same
number of water molecules in the aqueous phase as in the hy-
drate and with the number of CO2 molecules equal to three
times those existing in the hydrate. The particular number of
molecules in each configuration can be seen in Table I. Note
that the total number of molecules in configurations 2 and 5
are 2232 and 3969, respectively.

Figs. 1b and 1e show the evolution of the potential energy
of configurations 2 and 5, as functions of time, at 2000bar, re-
spectively. The same general trend is observed in both figures,
similar to those presented by configurations 3 and 6 (Fig. 1c
and 1f), i.e., since both configurations are non-stoichiometric
they do not show the sharp decrease in potential energy. Fol-
lowing the same procedure used in previous sections, T3 of
both configurations can be easily determined by inspecting
the behavior of potential energy at different temperatures. The
T3 values predicted by the molecular models are 291(2) and
289(2)K for configurations 2 and 5, respectively. These re-
sults suggest that the T3 values of both configurations are
equal (within the error bars) and also equal to the T3 value
corresponding to the configuration 0 (2× 2× 2) at this pres-
sure. This is a non-expected result according to the behavior
observed in the previous section, especially if we take into ac-
count that configuration 5 is formed from 3968 molecules, a
20% more molecules than in configuration 3 (3×3×3). For
this former configuration, T3 is equal to 296(2)K at the same
pressure.

To clarify this point, we have also obtained the T3 values
of configurations 2 and 5 at lower and higher pressures, as
we have already done with the configurations previously stud-
ied. Fig. 2c and 2f show the pressure-temperature projection
of the dissociation line of the CO2 hydrate using both config-
urations. The numerical data obtained from MD-NPT simu-
lations are also presented in Table II. As can be seen in the
plots, both configurations exhibit very similar T3 values in the
whole range of pressures. Particularly, at low pressures, be-
tween 100 and 2000bar, configurations 0 (black crosses) and
3 (violet down triangles) present the same T3 values, while
configuration 5 (violet left triangles) seem to exhibit slightly
lower values of T3. However, both results are within the er-
ror bars. At higher pressure, above 3000bar, the dissociation
temperatures of configurations 2 and 5 are above those of con-
figuration 0. Nevertheless, the results are again within the er-
ror bars and no significant differences are observed between
temperatures at the corresponding pressure (see Table II for
further details).

In summary, our simulation results indicate that finite-
size effects of the T3 for configurations 2 (3× 3× 2) and 5
(4× 4× 2) are less important or even non-existing compared
with the case of configurations 3 (3×3×3) and 6 (4×4×4).
This effect occurs even for configuration 5, which is formed
from a larger number of molecules than configuration 2. It
is possible that the increase of the number of molecules done
anisotropically, i.e., a small increase of the simulation lengths
perpendicular to the interface compared with the increase in
the interfacial area plane, has less effect of T3.

D. Comparison with experimental data

In the previous sections, we discuss the finite-size effects on
the T3 of the CO2 hydrate in a wide range of pressures. This is
performed using 6 different configurations and comparing the
results with the configuration 0 obtained several years ago by
Míguez et al.28 In this Section, we focus on the comparison
of the predictions obtained using these configurations with ex-
perimental data taken from the literature.

In the original work,28 the authors proposed a modified
Berthelot combining rule that allows to predict the dissocia-
tion line of the CO2 hydrate in a wide range of pressures with
confidence. Particularly, differences between predictions ob-
tained from configuration 0 and experimental data taken from
the literature3 are below 1K from 100 to 2000K. At high
pressures, at 3000bar and above, agreement between both re-
sults deteriorates. Although the model is able to capture the
existence of the reentrant behavior of the dissociation line, the
agreement is only qualitative. We recommend the reader to
the original paper for a detailed account of this issue.28

Fig. 2 shows the pressure-temperature composition of the
dissociation line of the CO2 hydrate as predicted from the
model proposed by Míguez et al.28 using the 6 configurations
considered in this work. The results obtained using configu-
ration 0 are also presented, as well as the experimental data
taken from the literature.3 We only analyze the agreement be-
tween experimental data and predictions obtained using non-
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FIG. 5: Comparison of the three-phase coexistence temperatures (T3) for the CO2 hydrate from the 6 size-dependent configura-
tions analyzed in this work at several pressures. The experimental T3 values taken from the literature.3, at different pressures,
are also included. In all cases, the composition of the initial configuration is analogous, formed by a CO2 hydrate phase in coex-
istence with a liquid water phase and a CO2 liquid phase with the corresponding numbers of molecules in each configuration.
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stoichiometric configurations (2, 3, 5, and 6) since stoichio-
metric systems do not provide the correct T3 due to the pres-
ence of CO2 liquid drops discussed in Section III. A. Let’s
concentrate on predictions obtained using configurations 3
and 6. As can be seen, predictions from configuration 3 over-
estimate the experimental T3 in the whole range of pressures.
Particularly, T3 is overestimated ∼ 5K at low pressures, below
3000bar. The agreement between predictions from configura-
tion 6 and experimental data is similar.

The main conclusion is that finite-size effects also affect
agreement with experimental data. What is the reason for
this? The answer is simple. The unlike interaction parame-
ter associated with the Berthelot rule, ξ , was established by
Míguez et al.28 using configuration 0, i.e., using a 2× 2× 2
configuration and a certain cutoff distance for the dispersive
interactions. We will not discuss here the effect of the cut-
off distance on the T3 of hydrates. We recommend the reader
paper III of this series in which we analyze the effect of the
dispersive interactions on the three-phase equilibria of CH4
and CO2 hydrates.63 According to this, the value ξ = 1.13
obtained by Míguez et al.28 allows to quantitatively predict
the dissociation line of the CO2 hydrate for the particular con-
figuration (2 × 2 × 2) used to fit experimental data. As we
have demonstrated in Section III. B, the use of larger config-
urations, i.e., configurations 3 and 6, produces a displacement
of the dissociation line of the CO2 towards higher tempera-
tures, making the hydrate phase more stable. In fact, the same
effect produces the use of a positive modification of the Berth-
elot rule (ξ > 1). This suggests that the ξ = 1.13 value is too
high for describing in a quantitative way the dissociation line
of the CO2 hydrate using configurations not affected by finite-
size effects, i.e., configurations 3 or 6.

Finally, we have summarized the T3 values obtained for
each of the 6 size-dependent configurations, at all the pres-
sure considered (from 100 to 6000bar), the in bar graphs of
Fig. 5. In addition, we have also included the experimental
T3 for comparison reasons (first column). The order of the
columns, from left to right, takes into account the effect of the
stoichiometric configurations (1 and 4), of the overall size of
the system (3 and 6), and of the size of the interfacial area (2
and 5). The first configurations in each of the three groups, 1,
2, and 3, correspond to the smaller system analyzed, and the
second ones, 4, 5 and 6, to the larger systems. See Table I for
further details. As can be seen, the main conclusions stated in
the previous sections can be observed in Fig. 5 in the whole
range of pressures analyed in this work: (1) overestimation
of the T3 values, with respect to the experimental data taken
from the literature, in the case of the stoichiometric config-
urations (1 and 4); (2) similar T3 values for configurations 3
(3× 3× 3) and 6 (3× 3× 3); and (3) configurations 2 and 5
exhibit the same T3 values at all pressures (within the error
bars) but below the experimental T3 values.

IV. CONCLUDING REMARKS

In this second part of a three-paper series dedicated to in-
vestigating finite-size effects in methane and carbon dioxide,

as well as the influence of dispersive interactions on both hy-
drates, our focus is on the CO2 hydrate. Specifically, we
delve into the finite-size effects affecting the determination
of the three-phase coexistence temperature (T3) for CO2 hy-
drate, employing molecular dynamics simulations in conjunc-
tion with the direct coexistence technique. Adhering to the
methodology outlined in the first paper61, we examine six
size-dependent configurations using realistic water and CO2
models (i.e., TIP4P/Ice and TraPPE) to assess the impact of
size and composition on the estimation of T3. Given the sim-
ilarity of our findings to those in the first paper61, we provide
a concise summary of the most pertinent results:

• The simulation results obtained for the CO2 hydrate
confirm the sensitivity of T3 depending on the size and
composition of the system, explaining the discrepan-
cies observed in the original work by Míguez et al.28

in 2015. This is in agreement with the findings of paper
I,61 not only at a particular pressure but in a wide range
of pressures considered.

• Configurations with stoichiometric composition at tem-
peratures below T3 evolve into a singular phase of CO2
hydrate growth, as in the case of the methane hydrate.61

This is confirmed in the whole dissociation line, from
100 to 6000bar. In this case, there is no a bubble of
methane but a liquid drop of CO2. The mechanism of
growing is via the emergence of a liquid drop of CO2
within the liquid and the subsequent formation of an
oversaturated CO2 solution in water. Conversely, an ex-
cess of molecules in the CO2-rich liquid phase in the
initial configuration leads to the coexistence of CO2 hy-
drate and CO2 liquid phases without the formation of
drops.

• Finite-size effects are pronounced in small systems with
stoichiometric composition (e.g., configuration 1 with a
unit cell of 2×2×2), resulting in an overestimation of
T3 due to liquid drop formation during hydrate growth,
causing a false stability of CO2 hydrate by increasing
CO2 solubility. Note that this is a common conclusion
in both methane and carbon dioxide hydrates.

• Non-stoichiometric configurations with larger unit
cells, like 3× 3× 3 and 4× 4× 4, show convergence
of T3 values, suggesting that finite-size effects for these
system sizes, regardless of drop formation, can be
safely neglected.

• To study the T3 of the CO2 hydrate the best choice is
configuration 3, which provides an accurate T3 value,
and affordable simulation times.

The primary outcome of this study, entirely consistent with
the findings in the initial paper of this series for CH4 hy-
drate61, can be succinctly summarized as follows: when us-
ing the direct coexistence technique to estimate the T3 of CO2
hydrate, it is crucial to avoid small stoichiometric configura-
tions such as configuration 1. These configurations tend to
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develop drops at the onset of the run, leading to an overesti-
mation of the T3 value. The recommended and optimal choice
is configuration 3, which provides an accurate T3 value, and
the computational resources required for simulating this sys-
tem are currently feasible.

This study, complementing the initial paper in the series61,
presents valuable insights into the finite-size effects observed
in simulations of CO2 hydrate. The findings highlight the
possibility of mitigating finite-size effects in estimating T3 by
thoughtfully selecting system configurations. We anticipate
that these results will contribute to a better understanding of
finite size effects in the determination of T3 for methane hy-
drates, addressing discrepancies in the existing literature and
assisting researchers in selecting appropriate system sizes for
future investigations. Our future research will delve into ex-
amining the potential impact of cutoff values and guest types
on T3 values, exploring how these factors are influenced by
finite-size effects.
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