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Abstract

Gas hydrates have attracted siginifcant fundamental and applied interests due to their important role in 

various technological and enviromental processes. More recently, gas hydrates have shown potential 

applications for greenhouse gas capture and storage. To facilitate the latter application, introducing 

chemical additives into clathrate hydrates could help to enhance hydrate formation/growth rates, provided 

the gas storage capacity is not reduced. Employing equilibrium molecular dynamics, we study the impact 

of tetrahydrofuran (THF) on the kinetics of carbon dioxide (CO2) hydrate growth/dissociation and on the 

CO2 storage capacity of hydrates. Our simulations reproduce experimental data for CO2 and CO2+THF 

hydrates at selected operating conditions. The simulated results confirm that THF in stoichiometric 

concentration does reduce CO2 storage capacity. This is not only due to the shortage of CO2 trapping in sII 

hydrate 512 cages, but also because of the favored THF occupancy in hydrate cages due to preferential 

THFwater hydrogen bonds. An analysis of the dynamical properties for CO2 and THF at the hydrate-liquid 

interface reveals that THF can expedite CO2 diffusion yielding a shift in the conditions conducive to CO2 

hydrate growth and stability to lower pressures and higher temperatures compared to systems without THF. 

These simulation results augment literature experimental observations, as they provide needed insights into 

the molecular mechanisms that can be adjusted to achieve optimal CO2 storage in hydrates.
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Introduction

Clathrate hydrates are solid-like inclusion compounds formed under appropriate pressure and 

temperature conditions; in these structures, hydrogen-bonded water molecules assemble into crystalline 

polyhedron cages of variable sizes stabilized by guest molecules [1]. Gas hydrates have received great 

scientific and industrial attention [2-8] with the early stage of gas hydrate-related research focusing on flow 

assurance to prevent oil and gas pipeline blockage by hydrate formation. Currently, the growth of interest 

in the hydrate research field inclines towards the expansion of gas hydrate applications in water-energy-

environment nexus including water desalination [9, 10], gas separations [11, 12], intermittent natural gas 

and hydrogen storage [13-17], refrigeration and transport [18, 19]. Further, attention is today focused on 

approaches to mitigate global warming through long-term CO2 capture and sequestration, which could be 

achieved via the formation of CO2 hydrates [20-24]. 

The utilization of CO2 hydrates in Carbon Capture and Storage (CCS) applications [20] shows promise 

because of their environmentally friendly nature and cost-effectiveness compared to other CCS 

technologies such as chemical adsorption/absorption methods using adsorbate/amine [25-27], followed by 

CO2 injection into geological formations [20, 28, 29]. For example, capturing one ton of CO2 via the 

“Simteche Hydrate CO2 Capture Process” costs $23.6 and $25.3 when hydrate-based and conventional 

absorption processes are implemented, respectively [30]. To render hydrate-based CO2 capture technologies 

sustainable and economically viable, it is necessary to ensure that the hydrates show high stability and are 

generated at substantial growth rates. To achieve these goals, chemical additives could promote hydrate 

formation and growth. Such additives are categorized into thermodynamic and kinetic promoters [20, 31-

33]. By engaging in hydrate formation, thermodynamic promoters can shift the stability conditions to lower 

pressures and higher temperatures compared to pristine systems without promoters. Kinetic promoters, on 

the other hand, are principally surfactants, which accelerate hydrate growth without participating in the 

hydrate structure itself [20]. THF is a well-known thermodynamic promoter employed as co-guests in sII 

hydrate structure together with other guests such as methane, hydrogen and CO2 [14, 34-37]. Torre et al. 

studied experimentally the impact of both kinetic (SDS) and thermodynamic (THF) promoters on the CO2 
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hydrate formation kinetics and showed that the rates are significantly enhanced when both additives are 

present in comparison to cases when only individual or no additives were used [31]. Veluswamy et al. [16, 

32] investigated the influence of THF promoters on the kinetics of CH4 and CO2 hydrates formed under 

analogous driving force and temperature and pressure conditions; they observed differences in gas uptake 

and kinetics of CH4 and CO2 hydrates with correlated morphology changes caused by the guest. To 

maximise guest gas uptake, it would be desirable to only employ kinetic promoters, although 

thermodynamic promoters stabilise the systems and allow for milder conditions to be maintained during 

operations. Achieving fundamental insights into the molecular mechanisms by which different additives 

are efficient is required for identifying the optimal conditions, which could lead to improving gas storage 

capabilities and lowering operation costs as well as energy consumption.  

Implementing atomistic molecular dynamics (MD) simulations, we investigate here the effect of THF, 

at various operating conditions, on CO2 gas storage capacity and CO2 hydrate growth/dissociation rates. 

We document CO2 hydrate growth/dissociation rate, CO2 gas uptake, differences in hydrate morphology 

with focus on the hydrate-liquid interface, and dynamical properties of CO2 guest molecules. The simulation 

results validate the interpretation of experimental observations reported in the literature, and further 

highlight the mechanisms that could be triggered to optimise the technologies implemented for CO2 capture 

and storage in hydrates. In the remainder of the manuscript, we first present the methodologies implemented 

for this investigation, we then discuss the results, and we conclude by summarising the key observations 

and their practical implications.
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Simulation Methodology

Model Setup. Liquid-hydrate two-phase models were used for the simulations of CO2 hydrate 

growth/dissociation. The sI hydrate structures were employed as the solid substrate for CO2 gas hydrate. To 

build the initial configurations, we adopted a unit cell of sI CO2 hydrate from the work of Takeuchi et al. [38]. The 

sI CO2 hydrate unit cell was replicated four times in all directions (4.812  4.812  4.812 nm3) to generate the hydrate 

slab. The hydrate slab was surrounded by water and CO2 molecules, yielding a simulation box length of 16 nm in the Z 

direction. The hydrate substrate was then aligned to the X-Y plane. The X and Y dimensions of the simulation box are 4.812 

and 4.812 nm, respectively. Applying periodic boundary conditions in all directions, the hydrate substrate model is 

effectively infinite along the X and Y directions.

Two systems are considered: CO2 hydrates without and with THF, as illustrated in the left and right panels of Figure 

1, respectively. The number of THF and CO2 molecules inserted into the bulk aqueous liquid phase were 100 and 240, 

respectively, yielding the initial mole fractions of 1.42 and 3.27-3.45, respectively. THF has a significant impact 

on the equilibrium temperature of CO2-THF hydrates at concentrations  2.75 mol  THF, while it only slightly 

affects the equilibrium conditions at 2.75 – 5.56 mol   [39, 40]. At high THF concentrations ( 5.56 mol %), THF 

inhibits the CO2 hydrate formation [41]. At the conditions chosen here, THF is expected to stabilize the CO2 hydrate.

Force Fields. Water molecules were simulated by the TIP4P/Ice model [42]. The TIP4P/Ice model has 

been proven successful to study hydrate nucleation and growth [43, 44] and to describe the properties of 

liquid state at ambient conditions [42]. CO2 was modelled using the EPM2 force field [45], which is appropriate for 

quantifying the growth/dissociation mechanisms of CO2 gas hydrates [46, 47]. THF was modelled employing the 

General AMBER Force Field (GAFF2) [48]. All nonbonded interactions were described by electrostatic and 

dispersion forces. The Coulombic potential was used to characterize the electrostatic interactions, with the 

particle–particle particle–mesh (PPPM) method for treating long-range corrections [49]. The 12−6 

Lennard-Jones (LJ) potentials were used to model dispersive interactions. The Lorentz−Berthelot 

combining rules were employed to describe the LJ parameters for unlike interactions from the values of 

like components [50]. The cutoff distance of 14 Å was used for all interactions.
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Implementation. Equilibrium MD simulations were carried out using the package GROMACS [51, 

52]. We employed simulation procedures similar to those used in our previous study [7]. Initially, we 

performed an energy minimization protocol to relax high-energy initial configurations using the steepest 

descent method. The simulations were then conducted in the NVT canonical ensemble. These simulations 

were conducted for 250 ps to relax the initial configuration while the hydrate layer was kept fixed at the 

chosen temperatures. Subsequently, the simulations were performed within the isothermal-isobaric 

ensemble (NPT) under conditions appropriate for CO2 hydrate growth/dissociation studies (T = 269.1-289.1 

K and P = 25.5 bar). The temperatures were kept constant in the range from 269.1 to 289.1 K, inclusive, at 

5 K interval, by a Nosé-Hoover thermostat [53, 54]. The approach implemented here is known as the ‘direct 

coexistence method’, which has been widely employed for studying crystal or hydrate growth/dissociation 

[47, 55-57]. The large size of our simulation system ( 11044 molecules) helps reduce the impact of 

stochasticity in the determination of melting point; the uncertainty associated with melting point estimation 

with the direct coexistence method (smaller than 2 K) [47], allows us to satisfactorily employ 5 K interval 

in temperature to identify the molecular mechanisms responsible for hydrate growth/dissociation and to 

estimate the melting point of CO2 gas hydrates. We set 0.5 ps as the time constant for coupling between the 

system and the thermostat, which guarantees to remove latent heat from the growing hydrate surface rather 

quickly [58]. The Parrinello−Rahman barostat was used to keep the pressure fixed at 25.5 bar [59], with the 

pressure coupling applied along the Z direction of the simulation box (perpendicular to the hydrate-liquid 

interface). Hence the simulation box lengths in the X and Y directions were maintained constant and the 

hydrate surface area was kept the same for all systems. The leapfrog algorithm with 1.0 fs time steps was 

used to integrate the equations of motion [60]. All molecules in the system, including water and CO2 

molecules within the hydrate surface, were allowed to move in the NPT simulations. We conducted each 

NPT simulation for at least 500 ns. The configurations of each system were extracted at different 

observation times t, e.g., 100, 200, 300, 400, and 500 ns; using these configurations as initial ones, all 

simulations were carried out for additional 2ns for data analysis. To quantify the uncertainty in our results, 

we performed two additional simulation runs for all systems with the same hydrate composition, albeit 
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different configurations for hydrate surfaces in contact with the liquid phase, at various temperatures. 

Sarupria et al. [61] and Míguez et al. [47] reported that using initial configurations of hydrate slabs with 

CO2 occupancy values in the range from 100% to 87% shows no effect on melting point estimation for a 

hydrate-H2O binary system. Míguez et al. [47] also reported that it is unlikely to estimate the hydrate-liquid 

CO2 phase state equilibrium when the initial hydrate composition is of either 50% or 37.5%, because the 

hydrate slab dissociates. Therefore, we chose the initial CO2 hydrate occupancy of 100% to identify the 

molecular growth/dissociation mechanisms of CO2 gas hydrates, and how they change due to THF.

Figure 1. Representative simulation snapshots for the final configurations for systems composed of solid CO2 hydrate 

substrate and water, CO2 without (left) and with (right) THF molecules in the aqueous phase. Blue and red dotted lines symbolise 

water molecules in the liquid and hydrate phase, respectively. Grey, green and red spheres symbolise CO2 carbon, dummy, and 

oxygen atoms, respectively (dummy atoms are required by the implemented model for CO2). Yellow, white, and blue spheres 

represent carbon, hydrogen, and oxygen atoms in THF molecules, respectively.
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Results and Discussion

  

Figure 2. F4 structural order parameter distribution calculated for water molecules along the Z direction after 500ns of 

simulations at the various temperatures. Results were obtained for the systems without (blue) and with (red) THF. The green line 

indicates the F4 order parameter at the beginning of the simulations. The area between two dotted lines (as illustrated in top 

panel) represents the region used for estimating the hydrate thickness (details in the text). 
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CO2 Gas Hydrate Growth/Dissociation. We quantify the CO2 gas hydrate growth/dissociation 

processes at operating conditions by analysing how the F4 structural order parameter for water molecules 

changes as a function of simulation time, at various temperatures. The F4 order parameter is defined as [62]

(1)𝐹4 =
1
𝑘∑𝑘

1𝑐𝑜𝑠3∅𝑖

In Eq. (1), ∅ is the H-O...O-H torsional angle and k is the number of oxygen-oxygen pairs of water 

molecules found within 0.34 nm of a chosen molecule. The hydrogen atoms used to calculate F4 are the 

outermost hydrogen atoms in the water dimer. The average values of F4 in a solid hydrate and in liquid 

water are ~ 0.7 and 0.04, respectively. In our analysis, water molecules are considered part of the hydrate 

structure when their F4 order parameter is higher than 0.65 [63]. Hence the F4 order parameter can be used 

to distinguish between the bulk aqueous phase and the hydrate phase within the simulation box [35, 64, 65]. 

The analysis conducted using the F4 parameter is reliable because no ice was formed in our systems [66].

 In Figure 2, we present the F4 order parameter distribution along the Z direction observed after 500ns 

of simulations. The results were obtained for systems without (blue) and with (red) THF in the liquid 

aqueous phase. The simulations were carried out at different temperatures in the range 269.1 to 289.1 K. 

The results show that the hydrate stability zone (F4 > 0.65) in presence of THF seems to be slightly wider 

than that observed without THF at 269.1 K and 274.1 K, indicating that THF enhances CO2 hydrate stability 

and it is possibly involved in the formation of CO2–THF binary hydrates at the conditions considered. At 

higher temperatures (T  279.1 K), the hydrate is not expected to be stable based on experimental 

observations [67]. Indeed, the simulation results show that the rate of dissolution of the hydrate in systems 

without THF increases with temperature more quickly than when THF is present. 

To further quantify the impact of THF on the growth/dissociation processes for CO2 hydrates, we 

measured the thickness of the hydrate substrate as a function of simulation time for systems with and 

without THF at various temperatures. The thickness of the hydrate phase is identified by the width of the 

domain within which the F4 order parameter is larger than 0.65, inclusive of the growing hydrate phase 

(between the dotted lines illustrated in Figure 2, top panel). In Figure 3, we report the time evolution of 
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the hydrate thickness as a function of T. The results show that the pure CO2 hydrates grow at 269.1 and 

274.1 K. At 279.1 K, the CO2 hydrates grow, but they quickly reach a plateau (possibly due to the reduction 

in the driving force for CO2 hydrate growth taking place when CO2 molecules from the bulk and the hydrate-

liquid interface are integrated within the growing hydrate). At 284.1 and 289.1 K, the CO2 hydrates 

dissociate. When THF is present, the hydrates grow at 269.1 and 274.1 K, but also at 279.1 and at 284.1 K. 

At 289.1 K, the hydrate dissociates even in the presence of THF. These results are consistent with 

experimental phase equilibrium data showing that the pure CO2 hydrates are not stable at temperatures  

279.1 K at 25.5 bar while the CO2+THF hydrates are stable at temperatures < ~ 288.5 K at ~ 1.42 mol% 

THF [39, 67]. This suggests that our simulated results describe correctly the thermodynamic properties of 

pure CO2 and CO2+THF hydrates at the selected temperatures and pressures. It should be mentioned that 

in our simulation set up, as the hydrate grows, CO2 and THF are consumed from the liquid phase and 

become part of the hydrate. As a consequence, the driving force that dictates the growth rate decreases as 

the simulation continues. Salvalaglio and collaborators introduced the Constant Chemical Potential 

Molecular Dynamics (CMD) method [68] that could be used to model hydrate growth, and also 

dissolution, when the driving force is maintained constant. The conclusions presented here would however 

not change.
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Figure 3. Time evolution of the hydrate thickness. Results were obtained for systems without (blue) and with (red) THF. 

Different panels are for systems simulated at various temperatures, from 269.1 to 289.1K.
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Figure 4. A) F4 order parameter (blue/red) and density profile of CO2 (green) along the Z direction of the simulation box 

(perpendicular to the hydrate-liquid interface) after 500 ns of simulations conducted at 269.1 K. The area between two dotted 

lines represents the region used for counting number of CO2 molecules trapped in the hydrate. B) and C) Number of CO2 

molecules trapped within the hydrate and CO2 gas uptake in the hydrate phase calculated by dividing the number of CO2 

molecules by the hydrate thickness, respectively, during simulations conducted at 269.1 K (left), 274.1 K (middle), and 279.1 K 

(right). Systems without (blue) and with (red) THF are compared. 

CO2 Storage Capacity. In Figure 4, panel A, we show the density profiles of CO2 (green) in the Z 

direction for the systems without (left) and with (right) THF after 500ns of simulations conducted at 269.1 

K. The results are complemented with data for the F4 order parameter (blue and red, respectively). The CO2 

density profiles show periodic peaks at locations correponding to F4 higher than 0.65, indicating that the 
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corresponding CO2 molecules are entrapped in the hydrate phase. To understand how the presence of THF 

affects the amount of CO2 captured in the hydrates at different operating conditions, we counted the number 

of CO2 molecules in the hydrate phase (identified by the region between the two dotted lines illustrated in 

Figure 4A) as a function of the simualtion time. In Figure 4B, the results are reported for systems without 

(blue) and with (red) THF at 269.1 K (left), 274.1 K (middle), and 279.1 K (right). The results suggest that 

THF enhances the number of CO2 molecules trapped in the hydrates at 274.1 and 279.1 K compared to 

when THF is not used. These results are consistent with the increase of hydrate thickness shown in Figure 

3. Perhaps surprisingly, at 269.1 K the number of CO2 molecules in the hydrates for systems without THF 

is larger than that of systems with THF. This result can be explained considering that at 269.1 K, both pure 

CO2 and pure THF hydrates are stable [67, 69]. However, THF-water interactions within the hydrates are 

stronger than those between CO2 and water because THF can form hydrogen bonds with water, while CO2 

cannot [70], resulting in more THF occupying the hydrate cages and fewer CO2 molecules.

Calculating the CO2 gas uptake in the hydrate phase by dividing the number of CO2 molecules trapped 

within the hydrate phase by the hydrate thickness, the results in Figure 4C show that the CO2 gas uptake 

for systems without THF is larger than that of systems with THF at 269.1, 274.1 and 279.1 K. These results 

agree well with experimental observations by Veluswamy et al. [32], who found that the CO2 gas uptake in 

the hydrate phase is higher than that observed when THF is present, although the experiments were 

performed at 274.2 and 283.2 K and 30 bar with 5.6% mol THF. It is noteworthy that upon reducing the 

THF concentration to 1  1.5 mol %, which is similar to the one used in our simulations, Lee et al. [39] 

found that the dissociation boundary was substantially shifted to lower temperatures, e.g. 269.1 K, and 

higher pressures compared to results obtained with 5.56 mol % THF in the CO2+THF hydrates. This 

suggests that our simulation results validate the interpretation of the experimental data proposed by 

Veluswamy et al. [32], in accordance with which THF in stoichiometric concentration does not improve 

CO2 gas uptake. In addition, our simulations suggest that at temperatures at which the pure THF hydrate is 

not stable, THF shows features similar to those expected from a kinetic promoter as well as from a 

thermodynamic promoter for CO2 hydrates.
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Figure 5. A) F4 order parameter and density profile of THF along the Z direction after 500 ns of simulations conducted at 269.1 

K. The blue shadow areas represent the hydrate-liquid interfacial regions where THF molecules are trapped. B) Time evolution of 

the number of THF molecules trapped within the hydrate phase. C) Density of THF computed by dividing the number of THF 

molecules by the interface thickness as a function of simulation time. Results were obtained at different simulated temperatures.

THF Storage in the Growing Hydrate. To complement the analysis of CO2 storage capacity, we also 

report the density profiles of THF along the Z direction, together with the distribution of F4 for the system 

simulated at 269.1 K after 500ns, in Figure 5A. The results show that some THF molecules are trapped in 

the hydrate-liquid interfacial regions (highlighted as blue shadow regions), in which F4 decreases from 0.65 

to 0.04. To gain quantitative insights, we calculated the number of THF molecules found in the interfacial 

regions (blue shadow) and the correspondent density by dividing the number of THF molecules by the 
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interface thickness as a function of time at different temperatures. The results are shown in Figure 5B, left 

and right panels, respectively. 

It is shown that at 269.1 K more THF molecules are stored in the hydrate than at higher temperatures 

(see Figure 5B, left panel). As the simulation progresses, the number of THF molecules confined in the 

hydrates significantly increases at 269.1 K, while at 274.1 K it increases only slightly; at 279.1 and 284.1 

K, it first increases and subsequently decreases, or it remains unchanged with an average 10 THF molecules 

within the hydrates at 289.1 K. Unexpectedly, many fewer THF molecules are found trapped in the hydrates 

at 274.1 K than at lower (269.1 K) and higher temperatures (279.1 and 284.1K). The results in Figure 5B, 

right panel, also show that the THF density in the growing hydrate at 274.1 K is slightly smaller than at 

lower (269.1 K) while it is much smaller than at higher temperatures (279.1 and 284.1K). These results 

suggest that 274.1K is perhaps the optimal temperature for THF to act as a promoter for CO2 hydrates, at 

which conditions THF seems to function both as a thermodynamic and as a kinetic promoter. It is worth 

pointing out that the pure THF hydrate starts to dissociate at ~275.8 K at 25.5 bar with ~1.47 mol% THF 

in the bulk aqueous phase [40], conditions similar to those considered in this study at 274.1 K (25.5 bar and 

~1.42% THF). We conclude that at these conditions CO2 rather than THF preferably occupies the interfacial 

region near the hydrate phase, as the pure CO2 hydrate is stable at 274.1K. At higher T, the pure CO2 

hydrates dissociate and THF interacts with water more strongly than CO2 does, yielding to fewer CO2 

molecules trapped in the hydrates. At 289.1 K the CO2+THF hydrates dissociate (as shown in Figure 3), 

resulting in many fewer THF molecules captured within the hydrate phase than at lower temperatures. 

The time evolution of CO2 and THF molecules trapped within the hydrate phase, as shown in Figure 

4B and 5B, suggest that the optimum temperature for CO2 storage within the growing hydrate when 1.42 

mol% THF is present at 25.5 bar is 274.1 K. These results corresponds well with experimental observations 

from Kim et al., who reported that the CO2 capture capacity for CO2+THF hydrate formation is highest at 

25 bar and 274.1 K in the presence of 1.5 mol% THF [71]. 
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Figure 6. A) Radial distribution functions between the centre of mass of THF molecules and water oxygen atoms (left) and 

between centre of mass of CO2 molecules and water oxygen atoms (right) within the hydrate-liquid interfacial regions. B) and C) 

Probability distribution of the number of water molecules surrounding one THF molecule and one CO2 molecule within these 

interfacial regions, respectively. Results were obtained for systems simulated at 269.1 (blue, left), 274.1 (yellow, middle), and 

279.1 K (green, right) after 500 ns of simulations. Radial distribution functions between the centre of mass of THF molecules and 

water oxygen atoms (left) and between centre of mass of CO2 molecules and water oxygen atoms (right) in the bulk aqueous (red 

lines) and the bulk hydrate phases (dark grey) at 269.1 K are also shown for comparison.



17

Hydrate-Liquid Interfacial Structure. Observing CO2 and THF at the hydrate-liquid interface (i.e., see 

Figures 4A and 5A) prompts investigations on the probability of forming the commonly expected mixed 

sII CO2+THF hydrates in which THF and CO2 molecules occupy large (51264) and small cages (512), 

respectively [72]. To quantify this possibility, we computed radial distribution functions (RDF) between 

the centre of mass of a THF molecule and water oxygen atoms gTHF-OW(r) and between the centre of mass 

of a CO2 molecule and water oxygen atoms gCO2-OW(r). The resultant gTHF-OW(r) and gCO2-OW(r) are reported 

in Figure 6A, left and right, respectively. The results are shown for the systems simulated at 269.1 K (blue), 

274.1 K (yellow), and 279.1 K (green). It is observed that the first peaks in gTHF-OW(r) and gCO2-OW(r) are 

located at 4.53 Å and 4.13 Å, respectively, which are within ~0.2 Å of the average cavity radius of large 

51264 (4.73 Å) and small 512 (3.91 Å) cages in the sII hydrate structure [73], respectively. Calculating the 

gCO2-OW(r) for CO2 and water in the bulk hydrate phase (dark grey line), the results show RDF profiles 

similar to those obtained for the hydrate-liquid interface, which confirms CO2 being trapping in hydrate 

cages at the hydrate-liquid interface. Analysis of gTHF-OW(r) and gCO2-OW(r) within the bulk aqueous phase 

(red lines) shows significantly less ordered structure of water molecules surrounding THF and CO2, 

respectively, compared to the ones found at the hydrate-liquid interface. In addition, we calculated the 

probability distribution of the number of water molecules surrounding one THF molecule and one CO2 

molecule for the same systems. The results, shown in Figure 6B and 6C, respectively, at 269.1 (blue), 

274.1 (yellow), and 279.1 K (green) after 500 ns of simulations, suggest that the probability of observing 

28 water molecules around one THF molecule is substantial, which is in good agreement with the 

presumption that THF would occupy the large 51264 cages (28 water molecules around THF) in the mixed 

sII hydrates. Assuming that CO2 dwells in the small 512 cages of the mixed sII hydrate, 20 water molecules 

would surround each CO2 molecule, which is contrary to our results, which show high probability of 

observing 24 water molecules around each CO2 molecule (Figure 6C). Because our results are consistent 

with CO2 molecules being trapped in the large 51262 cages of sI hydrates, our results are suggesting the 

possibility of a sub-type of mixed CO2+THF sII hydrates forming in our system. 
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To confirm this, we carried out a hydrate cage identification procedure which has been widely used to 

determine various types of clathrate cages [64, 74-76]. The hydrate cage morphology is characterized based 

on the hydrogen-bonded networks and the structure of the rings they assemble [77]. The following 

algorithm was implemented: (1) Determine THF (or CO2) as guests and the surrounding water molecules 

within 6.3 Å (or 5.68 Å) (as shown in the RDF in Figure 6A); (2) Two of these water molecules are 

‘associated’ if their O–O distance is shorter than 3.5 Å; (3) Specify all attainable five- and six-membered 

rings established by ‘linked’ water molecules [78]; (4) Determine cage type as identified by the number of 

pentagonal (P), the number of hexagonal faces (H), and the number of vertices with only two edges.

The probability distribution of finding 5P6H cage types surrounding THF and CO2 within the hydrate-

liquid interfacial regions at 269.1 (left), 274.1 (middle), and 279.1 K (right) are shown, respectively, in 

Figure 7A and 7B. In Figure 7A the results show that the probability of observing 5964, 51264, and 5762 

cages surrounding THF is substantial at all temperatures considered. Surprisingly, we find more 51264 cages 

at 274.1 than at 269.1 K. Possibly, the THF molecules found in the interfacial regions at 269.1 K could 

disturb the structure of hydrate cages more strongly than at 274.1 K, leading to the deformation of sII large 

cage structures. At the higher 279.1 K temperature, the cage structure trapping THF molecules is even more 

distorted, with evidence of 5762 cages. In Figure 7B, it is shown that the probability of observing 51262 and 

512 cages surrounding CO2 is significant at all temperatures, with a preference for 51262 cages. This is 

consistent with the high probability of observing 24 water molecules around CO2 as discussed in Figure 

6C. Our results are consistent with experimental results showing low CO2 occupancy in hydrate 512 cages 

when THF is present [32], partly leading to low gas uptake for CO2+THF systems at 269.1 K. In Figure 

7C, we present a representative simulation snapshot for one 51264 cage filled with THF and one 51262 cage 

filled with CO2, obtained at 274.1 K after 500 ns of simulations. These results confirm the formation of a 

sub-type of mixed CO2+THF sII hydrates where THF and CO2 occupy 51264 and 51262 cages, respectively.
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Figure 7. A) and B) Probability distribution of 5P6H cage types surrounding THF and CO2 trapped within hydrate-liquid 

interfacial regions at 269.1 (left), 274.1 (middle), and 279.1 K (right), respectively. C) Representative simulation snapshot of a 

51264-cage filled with THF and a 51262-cage holding CO2. The results were obtained from the system simulated at 274.1 K after 

500 ns of simulations.

Dynamic Properties. Analysis of the dynamical properties of CO2 and THF molecules at the hydrate-

liquid interface could help better understand the time evolution of CO2 and THF molecules captured in the 

hydrates (e.g., Figures 4 and 5). To this end, in Figure 8 we show the results of the mean square 

displacement (MSD) for CO2 and THF molecules within the hydrate-liquid interfacial region. In Figure 

8A, we report the MSD for CO2 (left) and THF (right) for system containing THF at different temperatures. 

The results show that CO2 travels faster than THF, probably because of its smaller molecular size, as well 

as its weaker interactions with water [70]. Because the slope of the MSD at long simulation times is 
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proportional to the diffusion coefficient, our results show that, in general, when the temperature increases, 

the diffusivity of both CO2 and THF increases; notwithstanding this, we observe that while the diffusivity 

of CO2 increases steadily with temperature, that of THF does not change much at 274.1, 279.1, and 284.1 

K. These results are likely due to the higher density of THF present at the hydrate-liquid interface at 279.1 

and 284.1 K compared to results obtained at 274.1 K, as discussed in Figure 5B. As a result, the resultant 

THF molecular crowding, more prominent at higher temperatures, contributes to slowing down THF.

 

Figure 8. A) Mean square displacement (MSD) for CO2 (left) and THF (right) molecules in the hydrate-liquid interface. B) 

Comparison of MSD of CO2 molecules in the interface for systems without (blue) and with (red) THF. Results are shown for 

systems simulated at different temperatures. C) Comparison of MSD of CO2 (left) and THF (right) in the hydrate-liquid interface 

(blue and right, respectively) and in the bulk aqueous phase (dotted red). Results are from systems with THF at 274.1 K.
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In Figure 8B, we compare the MSD for CO2 molecules at the hydrate-liquid interface for systems 

without THF (blue) and with THF (red). At 269.1 K and 274.1 K (the results at 274.1 K are not shown for 

brevity), the presence of THF negligibly impacts the dynamical properties of CO2. At higher temperatures 

from 279.1 to 289.1 K, however, THF is found to significantly facilitate the diffusivity of CO2, possibly 

because the stronger THF-water interactions through hydrogen bonds weaken CO2-water interactions, 

opening pathways for CO2 to travel larger distances. These observations are qualitatively consistent with 

the experimental results reported by Ripmeester et al., [79] who first showed evidence of enhanced CO2 

cage–to–cage dynamics due to the increased hydrogen bonding probability between THF and water coupled 

with weakened CO2–water hydrogen bonding. Ripmeester et al. [79] attributed the facilitated cage-to-cage 

guest transports to synergistic interactions between guest A–host water–guest B, which expedite guest 

dynamics in hydrates in the presence of proper guest molecules. It is possible that this enhanced diffusivity 

at higher temperatures also contributes to the enhancement of CO2 hydrate formation [39]. It is worth noting 

that the MSD for both CO2 and THF at the interface do not grow linearly in time (as shown in Figure 8C, 

blue and green lines, respectively), suggesting anomalous diffusion [80]. Fitting the MSD data with a power 

function , we obtain the value of parameter  to be less than 1, an indication of sub-diffusive 〈𝑟2(𝑡)〉 ~ 𝑡𝛼

behaviour for both CO2 and THF at the interface. Sub-diffusive diffusion usually occurs in environments 

classified as ‘trapping’, ‘labyrinthine’, and ‘viscoelastic’ [80], which is consistent with the ‘trapping 

environment’ represented by the growing hydrate at the hydrate-liquid interface. For completeness, we also 

analyse the MSD for CO2 and THF in the bulk aqueous phase (see Figure 8C, dotted red lines, left and 

right panels, respectively); the results show that these MSDs grow linearly in time, an indication of normal 

diffusion [80] in the regions where no ‘trapping’ environments exist.

Conclusions

CO2 hydrate growth/dissociation processes in presence of THF were studied under a variety of 

operating conditions using atomistic molecular dynamics simulations. Our simulations indicate that pure 

CO2 hydrates are not stable at temperatures  279.1 K at 25.5 bar while the CO2+THF hydrates are stable 
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at temperatures < ~ 288.5 K at ~ 1.42 mol% THF, which is in agreement with experimental phase 

equilibrium data. The simulated results also show that THF in stoichiometric concentration lessens CO2 

storage capacity at temperatures where the pure THF is stable,  due to the low CO2 occupancy in 512 hydrate 

cages as well as to the formation of THFwater hydrogen bonds. The analysis of the mobility of different 

species at interfaces shows that THF significantly enhances the CO2 diffusion at the hydrate-liquid interface 

at temperatures  279.1 K, resulting in the enhancement of CO2 hydrate formation at these relatively high 

temperatures. Our study suggests that THF can perform as an effective promoter for CO2 hydrate 

formation/growth, with the optimal CO2 storage in the growing hydrate achieved at conditions at which the 

pure THF hydrate is not stable while the pure CO2 is stable. At these conditions, which are identified as 

274.1 K at 25.5 bar and ~ 1.42 mol% THF by our simulations, THF yields benefits expected from both 

thermodynamic and kinetic promoters. The simulation results presented complement available experiments 

and contribute to a molecular-level understanding of mechanisms responsible for performance of chemical 

additives in the management and optimization of hydrate-based CO2 capture and storage. 
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