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Abstract 

 In this paper, the trapping of ammonia molecules into a clathrate structure has been 

investigated by means of Grand Canonical Monte Carlo simulations, performed at three different 

temperatures (100, 150 and 180 K) relevant for the astrophysics environments. The results show 

that ammonia clathrate of structure I is stable at partial filling, irrespective of the temperature 

investigated here. It could also be metastable in a chemical potential (pressure) range that 

corresponds to a maximum of 8 ammonia molecules per unit cell, i.e., to the full occupancy of the 

clathrate structure at very low temperature. However, at higher chemical potential values, partial 

dissolution of the clathrate is evidenced, concomitant with its transformation to low-density 

amorphous ice at 150 and 180 K. In the clathrate stability regime, it is shown that ammonia 

molecules can also displace water molecules and become incorporated into the water lattice, 

which results in the progressive destabilization of the clathrate lattice with increasing number of 

trapped ammonia molecules. Our results point out the subtle interplay between the various 
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environmental conditions (temperature, partial pressure of ammonia) on the stability of the 

clathrate phase in various planetary environments. 
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1. Introduction 

Ammonia is a common molecule in the universe. Its presence has widely been evidenced 

in the interstellar medium [1] as well as in the primitive matter of the solar system (meteorites, 

comets) and in the atmospheres of Jupiter and Saturn, the two gas giants orbiting the Sun.[2] 

Ammonia is also assumed to be the main source of the molecular nitrogen dominating 

Titan’atmosphere.[3]. The ammonia content and ammonia/water ratio seems also to be critical in 

search for amino acids, which are basic life molecules.[4]  

Solar system bodies may have preserved ammonia in the form of ammonium silicates or 

in ice. The presence of ammonia hydrates has thus been hypothesized in the Saturn’s largest 

moon Titan,[5,6] and also evidenced on the surfaces of the minor planets Charon [7] and Orcus 

[8] via observations in the near-infrared range. The presence of ammonia hydrate, together with 

crystalline water ice, has been invoked as an evidence for past or, even present, cryovolcanism on 

the Kuiper Belt objects.[9]  

On the other hand, ammonia is suspected to modify the stability regions of the solid ice 

and methane clathrate phases on various moons in the Solar System.[10] Indeed, it has been 

experimentally shown that the hydrophilic behavior of ammonia does not disqualify this properly 

sized molecule from being incorporated into clathrates, together with a more hydrophobic guest 

that is known to easily form stable clathrates.[10] Ammonia may even form clathrate hydrates 

between 100 and 150 K, with only ammonia as guest,[10] as shown by some peak positions in X-

ray diffraction measurements that can be unambiguously assigned to the ammonia clathrate 

hydrate with cubic structure I (sI).[10] The stability of this sI clathrate structure, together with a 

detailed analysis of the hydrogen bonding between water and ammonia molecules has then be 

theoretically investigated by molecular dynamics (MD) simulations, showing that the pure sI NH3 

clathrate decomposes in the simulations between 220 and 240 K, depending on the water force 

field used.[11] 

Indeed, considering both the paucity of experimental data on the ammonia clathrate itself 

and the lack of a fundamental understanding of how the NH3 molecule may affect the phase 

behavior of other clathrates, computer simulation appears to be an ideal tool for providing the 

missing insight at the atomistic level. Thus, MD simulations have been performed to characterize 

not only the structure and the stability of pure NH3, but also of binary NH3+THF 

(tetrahydrofuran) and CH4+NH3 clathrates from 100 to 240 K, in close relation with the 
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corresponding experimental work.[10,11]. However, such simulations, performed on the 

isothermal–isobaric (N,p,T) ensemble, suffer from their dependence on the initial conditions, 

especially regarding the clathrate composition that has to be fixed in the calculations. Moreover, 

it is sometimes difficult with MD to know if the simulated system corresponds to a real 

equilibrium structure or if it is stuck in a metastable state, even when performing very long 

simulation runs. Because the abundance of the trapped gases in the hosting cages of the clathrates 

under consideration is one of the most important data sought, calculations performed on the grand 

canonical ensemble, where the number of guest molecules is not fixed in the simulations, may 

appear to be much more appropriate. In simulations performed on the grand canonical ensemble, 

such as grand canonical Monte Carlo (GCMC) [12,13] simulations, the chemical potential rather 

than the number of the molecules is fixed. Thus, performing a set of GCMC simulations, in 

which the chemical potential of the molecules in contact with the absorbent system is 

systematically varied, the occupancy isotherm, i.e., the number of enclathrated molecules as a 

function of their chemical potential can be conveniently calculated. Surprisingly this method has 

only scarcely been applied to clathrate systems since the pioneering work of Tanaka et al. 

[14,15], although it has proven to be very efficient for directly calculating the composition of 

methane [16,17], hydrogen[18] binary hydrogen/THF [19] and binary CO/N2 [20] clathrates 

under various thermodynamic conditions.  

 In this paper, we present the first GCMC simulation study of the trapping of NH3 

molecules in the cages of a clathrate hydrate of structure I in the very low temperature range of 

[100 - 180] K, which was also experimentally investigated.[10] Besides calculating the trapping 

isotherm, the detailed analysis of the clathrate structure is also performed at various ammonia 

abundances. In Sec. 2 details of the calculations performed are given. The obtained results 

concerning the occupancy isotherm and properties of the resulting systems are presented and 

discussed in detail in Sec. 3. Finally, in Sec. 4 the main conclusions of this study are summarized.  

 

2. Grand Canonical Monte Carlo simulations 

The trapping of NH3 molecules in the clathrate hydrate lattice has been investigated by 

performing a set of Monte Carlo simulations on the grand canonical (,V,T) ensemble at three 

temperatures, namely 100, 150 and 180 K. Simulations have first been performed with a rigid 

clathrate, i.e., a system where the water molecules have been fixed at the equilibrium positions of 
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a clathrate of structure I (sI), with fixed orientations. While the number of water molecules in the 

simulation box has been kept constant, the number of ammonia molecules trapped by the rigid 

network of water has been calculated by increasing the chemical potential, , of the NH3 

molecules from values corresponding to empty clathrate lattice to values corresponding to twice 

the number of cages. The isotherms were obtained as the average number of NH3 molecules, 

<N>, in the simulation box as a function of the chemical potential, and will be referred to as 

occupancy isotherms because the number of enclathrated ammonia molecules is calculated.[16] 

Simulations have been performed with simulation boxes based on both 2  2  2 and 3  3  3 

replicas of the sI unit cell, taken from Takeuchi et al.,[21] to test the influence of the size of the 

simulation box in the calculated isotherms. The 2  2  2 replica of the unit cell of sI clathrate 

consisted of a total of 368 water molecules forming a network of 48 large and 16 small cages. 

The edge length of this cubic box was 24.06 Å in every direction, in agreement with the 

periodicity of the clathrate lattice. The larger, 3  3  3, replica of the unit cell corresponded to a 

network of 1242 water molecules forming 162 large and 54 small cages in a cubic simulation box 

with the edge length equal to 36.09 Å. 

Then, the GCMC method has also been applied to a flexible clathrate model, in which 

rotational and translational degrees of freedom of the water molecules have also been considered. 

However, no chemical potential value has been assigned to the water molecules, and thus 

insertion/deletion steps have not been considered for water molecules in the GCMC calculations. 

Nevertheless, this treatment has resulted in a large increase of the corresponding computational 

cost and, as a consequence, simulations with flexible clathrates have only been performed with 

the 2  2  2 simulation. 

To facilitate the comparison of our results with those of the molecular dynamics 

simulations of Alavi et al.,[11] water molecules have been described by the TIP4P/Ice 

potential.[22] This potential was shown to reproduce more accurately the decomposition 

temperature of methane hydrate while also giving better predictions regarding the lattice 

constants, as compared to the TIP4P model.[23] Moreover, the fact that TIP4P/Ice tends to form 

less hydrogen bonds with the NH3 molecules increases the likelihood of the clathrate being stable 

in the temperature range of the simulations.[11] The NH3 molecules have been represented by the 

OPLS force-field of Rizzo and Jorgensen,[24] again to ensure comparability. Based on these 

models, the potential energy has been calculated as the sum of the pairwise interaction energies 
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between molecules, where the interaction energy between two molecules is defined as the sum of 

the Lennard-Jones and Coulomb contributions of all pairs of their interaction sites. For the 

potential models used here, these interaction sites are located at the atomic positions, with the 

exception of the TIP4P/Ice model, which contains also a non-atomic site slightly displaced from 

the O atom, along the water molecular axis.[22]  

All interactions have been truncated to zero beyond the distance of 12.03 Å and 18.04 Å 

for the small and the large simulation box, respectively. The long range contribution of the 

electrostatic interaction has been accounted for by the reaction field correction method [25,26] 

under conducting boundary conditions. The interaction and geometric parameters of the 

employed models are given in Table 1.  

Monte Carlo simulations have been performed using the MMC code [30] that has been 

widely applied for studying the adsorption process of a number of atmospherically relevant 

molecules at the surface of ice,[28-36] showing a fair agreement with the corresponding 

experimental results when available. In every Monte Carlo step, a translational and rotational 

move was attempted with 50 % probability on a randomly chosen molecule, along a randomly 

chosen axis parallel to one of the edges of the simulation box. The maximum value of these 

translations and rotations did not exceed 0.25 Å and 15°, respectively, and the acceptance or 

rejection of these steps was evaluated based on the standard Metropolis criterion.[37]. Insertion 

and deletion of the guest NH3 molecules was performed with the remaining 25 % - 25 % 

probabilities, using the cavity biased technique of Mezei.[38,39] According to this method, the 

guest molecule insertions were only attempted into empty cavities having a minimum radius of 

2.5 Å. Cavities were identified along a 100  100  100 grid in the basic simulation box, which 

was regenerated after every 10
6
 Monte Carlo steps. The Monte Carlo acceptance rule was 

modified accordingly, in order to eliminate the bias introduced this way.[38,39] The systems 

were equilibrated by performing 5  10
8
 Monte Carlo steps. For each system, the equilibration 

phase was followed by the production phase during which a total of 5000 configurations with a 

sampling interval of 10
5
 steps between samples were collected for further analyses.  
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3. Results and Discussion 

3.1. Occupancy Isotherm 

 The occupancy isotherms calculated for rigid and flexible clathrate structures, i.e., the 

average number of ammonia molecules enclathrated as a function of the ammonia chemical 

potential, are given in Figure 1, while several equilibrium snapshots taken out from the 

simulations are shown in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Occupancy isotherm of NH3 in a (a) rigid (top panel) and (b) flexible (bottom panel) clathrate hydrate, as 

obtained from our GCMC simulations at 100 K (black squares), 150 K (red circles) and 180 K (green triangles). 

Filled and empty symbols correspond to 2  2  2 and 3 3  3 clathrate units in the basic box. The insets show the 

occupancy isotherms calculated as a function of the relative pressure prel=p/p0. The lines connecting the points are 

just guides to the eye. The arrows indicate the chemical potential values corresponding to the point of condensation 

of NH3. Note that, for the ordinate axis, we divide the number of ammonia molecules in the simulation box by the 

number of unit cells of the rigid clathrate, as an arbitrary normalization. 
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First, it has to be mentioned that in the temperature range investigated here the temperature has 

very little influence on the behavior of the ammonia occupancy isotherm. Indeed, irrespective of 

the temperature, the occupancy isotherm is characterized first by a continuous exponential 

increase at low chemical potential values, corresponding to the progressive filling of the clathrate 

cages by the ammonia molecules. Then, above around – 16 kJ/mol, the isotherm for the rigid 

clathrate (Figure 1a) reaches a rather long plateau covering a roughly 6-8 kJ/mol wide range of 

chemical potentials. For this range of chemical potentials, the clathrate appears saturated and 

changes in the chemical potential values result only in a rather small increase of the number of 

enclathrated molecules. In the corresponding system, 8 ammonia molecules are trapped per unit 

cell of the simulation box, i.e., there is, on average, one ammonia molecule per cage in the 

clathrate. Finally, at a value of about – 9 kJ/mol, the isotherm increases again, corresponding to 

the possible trapping of additional ammonia molecules in the clathrate cages at very large 

chemical potential values, i.e., at very high pressures. Moreover, the comparison between the 

isotherms calculated for the rigid clathrate by considering 2  2  2 and 3  3  3 simulation 

boxes (Figure 1a) suggests that the effect of the box size on the results is negligibly weak, since 

the corresponding occupancy isotherms are almost perfectly superimposed. This indicates that 

simulations performed by considering the small, 2  2  2 simulation box can provide results of 

reasonable quality concerning the cage occupancy calculations at a significantly lower 

computational cost than when considering the larger, 3  3  3 box.  

 The comparison between the ammonia occupancy isotherms simulated for flexible 

clathrate structures at 100, 150 and 180 K (Figure 1b) and those given in Figure 1a for rigid 

clathrates immediately shows the influence of the cage flexibility on the trapping of the ammonia 

molecules inside the clathrate. Indeed, not only the chemical potential value at which the filling 

of the clathrate cages starts is lower for flexible than for rigid structures, but also the global shape 

of the isotherm looks different. Indeed, the isotherm for flexible clathrate is characterized by an 

almost continuous rise with increasing chemical potential, and no plateau is evidenced contrarily 

to the rigid clathrate situation. Overall, for any given chemical potential and temperature value, 

the occupancy of the flexible clathrate is higher than that of the rigid one. More surprisingly, the 

number of ammonia molecules that can be inserted in the simulation box rapidly exceeds the 

number of cages upon the increase of the chemical potential, which rises a question about the 
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stability of the clathrate in such conditions and, as a consequence, about the exact nature of the 

corresponding system. 

 Another way to represent the obtained occupancy isotherms is to convert the chemical 

potential to relative pressure prel = p/p0, i.e., the pressure of the system, p, normalized by that of 

the saturated vapor, p0. Since the bulk vapor phase of the system is practically empty in every 

case, the value of the absolute pressure, p, can hardly be evaluated in the simulations. However, 

the relative pressure can simply be calculated as [40]  

 

)/exp(

)/exp(

B0

B

0
rel

Tk

Tk
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p




 ,      (3) 

 

where kB stands for the Boltzmann constant, and o is the chemical potential value corresponding 

to the point of condensation. To determine this o value, we have performed a new set of GCMC 

simulations by considering only the NH3 molecules in a box containing no water molecule and 

having the same volume as the box used for the clathrate simulation. In this case, there is no 

absorption/incorporation (as there is no clathrate), but only condensation of ammonia at a certain 

point, corresponding to the chemical potential value 0. The occupancy isotherms as a function of 

prel are shown in the inset of Fig. 1, and the corresponding data are included in Tables S1 to S6 of 

the Supporting Information. Note that the p0 value has been determined here only as a reference 

value for converting chemical potentials to relative pressures. Moreover, because Eq. (3) is only 

valid up to the point of condensation, the conversion from  to prel has not been done above the 

value p/p0 = 1.  

Note that the value of p0 could, in principle, be obtained from the Antoine’s equation 

 

           
 

   
      (4) 

 

where the temperature is in K and the pressure in bar. To the best of our knowledge, the 

Antoine’s coefficients for ammonia are unfortunately not known below 164 K. However, in the 

[164 – 240] K range, their values are A = 3.18757, B = 506.713 K, C = -80.78 K [41], which 

gives p0 = 0.012 bar at 180 K. By contrast, p0 values at 100 and 150 K cannot be calculated, 
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which prevents any reasonable comparison with actual physical conditions for these very low 

temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Some snapshots of the systems in a flexible clathrate hydrate of NH3, as obtained from our GCMC 

simulations at 100 K at (a) low (-21.72 kJ/mol) and (b) high (-10. 08  kJ/mol) chemical potential values 

corresponding to different fillings of the cages. O, N, and H atoms are shown by red, blue and white balls, 

respectively. Note that snapshots for the same chemical potential values are given on the right hand side of the 

figure, in which ammonia molecules have been removed for clarity (i.e., only the water network is shown)  

 

3.2. Structural Characterization 

 To investigate the structure of the ammonia+water system when the ammonia content 

increases, we have characterized the geometrical order of the water molecules in the simulation 

box by calculating an order parameter that measures the degree to which the nearest-neighbor 

water molecules are tetrahedrally coordinating a reference water molecule [42]. The tetrahedral 

(a) 

(b) 
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order parameter that has been shown to correctly describe the ordering of the water molecules in 

clathrates [42] has been defined as follows: 

 

       
 

  
    

 

 
              

  
     

 
      

               (1) 

 

where the indices i and j run over the four nearest water neighbours of a given water molecule, 

ij is the angle between the bonds that this given molecule forms with its nearest-neighbors i and 

j, and NW is the total number of water molecules. For a perfectly ordered clathrate, ww
 = 1, 

whereas this value decreases to 0.63 in liquid water.[42]  

The values of <ww
> calculated at 100, 150 and 180 K in the range of chemical potential 

considered are given in Figure 3, together with the occupancy isotherms for the flexible 

clathrates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Tetrahedral order parameter (red squares) calculated for the flexible NH3 clathrates, as a function of the 

chemical potential, at 100 K (top panel), 150 K (middle panel), and 180 K (bottom panel). The corresponding 

occupancy isotherms are also shown (black circles). The lines connecting the points are just guides to the eye. The 

dashed vertical lines indicate the chemical potential values corresponding to the point of condensation of NH3. Scales 

at the left and right side of the figure correspond to the occupancy isotherm and order parameter data, respectively. 

Note that, for the ordinate axis, we divide the number of ammonia molecules in the simulation box by the number of 

unit cells of the rigid clathrate, as an arbitrary normalization. 
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These curves clearly indicate that the values of <ww
> are equal to or slightly smaller than 

one up to a threshold value of the chemical potential, above which they continuously decrease. 

More interestingly, this threshold value, which is obtained at the beginning of the rising part of 

the isotherm corresponds to around 8 ammonia molecules per unit cell at 100 and 150 K, and to a 

number of NH3 between about 5 and 8 molecules per unit cell at 180 K. This corresponds 

approximately to a complete filling of the clathrate structure (i.e., one molecule per cage in 

average) at the two lowest temperatures considered here, and, more probably, to a partial filling 

of the clathrate at 180 K. Then, above this threshold value, the decrease of <ww
> could be 

interpreted as resulting from an increasing disordering of the water network when the number of 

enclathrated NH3 molecules increases. However, the value <ww
> = 0.6, corresponding to a 

complete breakdown of the clathrate structure, such as in liquid water, is only reached at 180 K 

and very high NH3 loading, which rises questions on the physical state of the systems 

corresponding to intermediate values of <ww
> between 1 (perfectly tetrahedrally ordered water 

molecules) and 0.6 (liquid-like disordered water molecules).  

A more detailed analysis of the water arrangements can, in fact, be deduced from the 

distribution of the ww
 parameter values, P(ww

), than simply from its average value. Let us first 

comment the situation corresponding to the results obtained at 100 K. In this case, the P(ww
) 

distribution is given in Figure 4 for selected values of the chemical potential, ( = -21.72, -20.88, 

-19.22, -16.73, -13.40, and -10. 08 kJ/mol) corresponding to different NH3 loadings (0.8, 8.6, 

12.2, 14.7, 16.3 and 17.2 NH3 molecules per unit cell in average, respectively). At low chemical 

potential values, the calculated distribution clearly exhibits one single peak, located at 0.997, 

indicating that in this case all the water molecules are involved in a tetrahedral arrangement with 

their water neighbors. In contrast, when increasing the chemical potential value (i.e., when 

increasing the number of NH3 molecules trapped in the system), a small shift of ww
 to lower 

values is observed and, more importantly, a second peak is evidenced at around ww
 = 0.4 in the 

distribution, the intensity of which is increasing with the ammonia loading. The presence of this 

second peak indicates that an increasing fraction of water molecules lose their tetrahedral 

coordination when the number of ammonia molecules increases. However, the integration of this 

peak of the P(ww
) distribution shows that about 80 % of the water molecules remain more or less 

involved in a tetrahedral arrangement with the surrounding water molecules even at the highest 

chemical potential values considered here (corresponding to much more than one NH3 molecules 
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per clathrate cage, as indicated by the isotherm given in Figure 3 (top)). This conclusion clearly 

indicates that the average value of <ww
> = 0.8, calculated at 100 K at high chemical potentials 

(Figure 3 (top)) does not correspond to a fully disordered system, but rather to a tetrahedrally 

ordered system, containing non-tetrahedrally coordinated, possibly off-network water molecules 

up to 20%. This conclusion suggests the persistence of the clathrate structure in the simulation 

box during the entire course of our simulations, even at very high ammonia loading, as evidenced 

on the simulation snapshots (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Distributions of the tetrahedral order parameter, obtained by considering only the O atoms, for various 

chemical potential values, corresponding to different NH3 loadings, in the flexible clathrate at 100 K (top panel), 

150 K (middle panel), and 180 K (bottom panel). The insets show the region of the peak around 0.4 on a magnified 

scale. The percentage of atoms giving rise to this peak is also indicated.  
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molecule. The corresponding distributions of this parameter are given in Figure 5 (top) at 

different chemical potential values. To distinguish it from the ww
 order parameter, measuring the 

tetrahedrality of solely the water neighbors, this parameter is denoted here as w
. Contrarily to 

P(ww
), the P(w

) distributions are characterized by only a single peak, the maximum of which is 

always located above 0.9. Although this peak exhibits an increasing shoulder at lower values 

when the chemical potential value rises, the persistence of the main peak around 0.95 shows that 

most of the water molecules stay tetrahedrally coordinated by their neighbors in the entire 

chemical potential range investigated. This is a strong indication that some ammonia molecules 

can replace water molecules, and become incorporated in the water lattice, as already observed in 

previous molecular dynamics simulations of the ammonia clathrate.[11] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Distribution of the tetrahedral order parameter, obtained by considering both the O and N atoms, for various 

chemical potential values, corresponding to different NH3 loadings, in the flexible clathrate at 100 K (top panel), 

150 K (middle panel) and 180 K (bottom panel). 
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Because the tetrahedral coordination cannot unambiguously discriminate between ice-like 

and clathrate-like configurations, an additional criterion characterizing the obtained structure is 

needed. Such a criterion is based on the fact that water molecules in clathrates form five-

membered rings (cyclic pentamers) in clathrates, while no such cyclic pentamers exist in Ih 

ice.[43] A water molecule is thus considered being involved in a cyclic pentamer if a structure is 

found in which (i) five oxygen atoms of the water molecules form the vertices of such a ring, and 

(ii) the length of all the five edges of this ring structure is shorter than the position of the first 

minimum in the oxygen-oxygen radial distribution function in the system.[43] According to this 

criterion, water molecules in Ih ice do not form any five-member rings, while in clathrate 

structures all water molecules participate in 4, 5, or 6 such rings. Note also that liquid water 

shows a broad distribution of cyclic pentamers.[43]  

The calculated fraction of water molecules that are part of a given number of pentameric 

rings at 100 K is shown in Figure 6a for selected values of the chemical potential, corresponding 

to different NH3 loadings along the occupancy isotherm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Fraction of water molecules that belong to a given number of cyclic pentamers in the systems simulated at (a) 

100 K, (b) 150 K and (c) 180 K at various chemical potential values, corresponding to different NH3 loadings. The 

distributions corresponding to the perfect rigid clathrate and to the perfect Ih ice crystal are given as a reference in the 

top and bottom panels, respectively. 
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The reference result for a rigid clathrate is also shown in the figure (top of Figure 6a), 

which confirms that water molecules in a perfectly ordered clathrate structure are involved in 4, 5 

or 6 pentamers. In contrast, when considering flexible clathrates, an increasing fraction of water 

molecules belonging to less than 4 cyclic pentamers is calculated with increasing ammonia 

chemical potential (and, hence, with increasing ammonia loading), which is a strong indication 

for a progressive loss of connections between adjacent cages. Nevertheless, even at the highest 

ammonia loading, a significant number of water molecules still take part in 4, 5 or 6 pentameric 

rings, indicating that the clathrate structure is partially preserved in our system.  

 Another way to characterize the structural arrangement of the molecules in the systems 

investigated is the calculation of certain partial radial distribution functions (RDFs). Figure 7a 

shows the simulated RDFs between the oxygen atoms of the water cages (gOO(r)), between these 

oxygen atoms and the nitrogen atoms of the ammonia molecules (gNO(r)), and between nitrogen 

atoms of the ammonia molecules (gNN(r)) for different values of the chemical potential, 

corresponding to various ammonia loadings in the flexible clathrate at 100 K. For comparison, 

results obtained at full loading (i.e., when each cage is occupied by one NH3 molecule) of the 

rigid clathrate is also shown. First, gOO(r) (top of Figure 7a) shows that, at the low chemical 

potential values corresponding to the first part of the occupancy isotherm, the structural 

arrangement of the water molecules is similar in the rigid and flexible clathrates. This is a clear 

indication of the preservation of the clathrate structure at low ammonia loading. However, as the 

chemical potential value increases, i.e., more and more NH3 molecules are present in the 

simulated system, the long-range ordering of the oxygen atoms gets progressively lost. 

Meanwhile, the first peak of the N-N RDFs shows that nearest neighbor ammonia molecules are 

separated by about 6.5 Å at low NH3 loading, corresponding to the very first part of the 

occupancy  isotherm (i.e., at low chemical potential values), similarly to that in the rigid 

clathrate. This distance corresponds to that of the neighboring cages. However, as the number of 

the trapped NH3 molecules increases, an additional peak of gNN(r) is evidenced around 3 Å 

(bottom of Figure 6a), indicating that NH3 pairs might have been formed in the system. This 

feature could correspond to near-neighbor ammonia molecules in a more and more disordered 

structure. Finally, the analysis of the gNO(r) functions also confirms that the flexible clathrate 

behaves similarly to the rigid one at low chemical potential values, whereas significant 

differences are evidenced when the number of the ammonia molecules increases (middle of 
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Figure 6a). In particular, the first peak of gNO(r) around 4 Å not only broadens and shifts to 

smaller distances (i.e. down to 3.4 Å) when the chemical potential value increases, but it also 

exhibits a weak shoulder around 2.8 Å. These features are clear indications of the formation of 

some NH3-H2O pairs in the system, and can be related to the conclusions obtained above from the 

calculations of the w
 parameter, namely that some of the ammonia molecules can displace water, 

and become incorporated in the water lattice, contributing to the increase of the number of 

ammonia molecules trapped in the simulated system with increasing the chemical potential 

values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Partial radial distribution functions between the O atoms of the water cages (top panels), between the O and N 

atoms (middle panels), and between the N atoms (bottom panels), as obtained at (a) 100 K, (b) 150 K and (c) 180 K 

at various chemical potential values, corresponding to different NH3 loadings. The radial distribution functions 

calculated for the rigid clathrate at full occupancy is also given as a reference. The curves corresponding to 

increasing chemical values are shifted up by 2, 4, 6, 8, and 10 units, for clarity. 

 

To get more information on this NH3-H2O bonding, we have thus calculated the pair 

energy distributions for the molecules that are closer than 3.5 Å. The corresponding curves (not 

shown) exhibit two peaks, one at around – 29 kJ/mol and another one at about – 10 kJ/mol, 

indicating two different modes of bonding between NH3 and water molecules at short distances. 

(a) (b) (c) 
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By comparison with the literature data for the NH3-H2O dimer,[44-46] the former value (- 29 

kJ/mol) can be attributed to the formation of NH3-H2O dimers in which the water molecule acts 

as a H-bond donor (corresponding to the O-N distance of about 2.9 Å), whereas the later value (-

 10 kJ/mol) can be related to such H-bonded dimers in which the water molecule acts as a proton 

acceptor (the corresponding O-N distance is about 3.2 Å). 

Similar analyses have been performed at the two higher temperatures considered, i.e., 150 

and 180 K, to characterize the structural evolution of the ammonia clathrate upon temperature 

increase. According to the shape of the occupancy isotherm simulated at T = 150 K, four 

characteristic systems have been analyzed in detail. These systems correspond to the chemical 

potential values of  = -24.6, -22.11, -14.63, and -3.40 kJ/mol, and to 1.1, 8.6, 15.7 and 20.6 NH3 

molecules per unit cell, respectively. The corresponding distributions of the tetrahedral order 

parameter for the relative arrangement of the neighboring water molecules, P(ww
), the 

distribution of the tetrahedral order parameter without discriminating between water or ammonia 

neighbors of the reference water molecule, P(w
), and the fraction of water molecules that form 

part of a given number of pentameric rings are shown in Figure 4 (middle panel), Figure 5 

(middle panel)  and Figure 6b, respectively. As is evidenced in these figures, the clathrate 

structure appears to be almost perfectly preserved up to a loading corresponding to about 8 

ammonia molecules per unit cell, with a loss of the tetrahedral coordination for about 7% of the 

water molecules, corresponding to an increasing fraction of water molecules that are involved in 

less than 4 cyclic pentamers. The higher ammonia loadings are characterized by an increasing 

disorder, and the complete disappearance of water molecules involved in 6 pentameric rings is a 

strong indication for the disruption of the clathrate structure at 150 K. This is also confirmed by 

the disappearance of the peak around 0.9 in P(w
), which illustrates the loss of any tetrahedral 

coordination for the water molecules as the number of ammonia molecules increases in the 

simulation box. Meanwhile, the increasing number of water molecules that are not included in 

any cyclic pentamer (as evidenced by the growing intensity of the peak at 0 in Figure 7) suggests 

the formation of ice in the system as the clathrate structure disappears. These conclusions are also 

supported by the analysis of the g(r) curves given on Figure 7b. Indeed, the gOO(r) functions 

show that while the clathrate structure is almost preserved at  = -24.6 and -22.11 kJ/mol (i.e., 

<N> = 1.1 and 8.6 ammonia molecules per unit cell, respectively), it clearly disappears at higher 

chemical potential values, at which gOO(r) appears to be similar to the corresponding distribution 
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calculated for low density amorphous (LDA) ice.[47,48] In addition, the appearance of a short 

distance peak of gNN(r) at 3.2 Å as well as of that of gNO(r) around 2.8 Å indicate the formation 

of ammonia-ammonia and ammonia-water pairs in the system.  

Similar trends are clearly evidenced at 180 K (see Figure 4 (bottom panel), Figure 5 

(bottom panel) Figures 6c and 7c, where the results are given for the  values of -26.94, -22.45, 

-13.47, and -4.49 kJ/mol, corresponding to an average of 0.7, 8.5, 16.5, and 21.1 NH3 molecules 

per unit cell, respectively). Indeed, even at this high temperature, a noticeable part of the system 

still exhibits clathrate structure features up to the loading of about 8 NH3 molecules per unit cell 

(at least during the entire course of our simulations). By contrast, larger loadings are 

characterized by the disappearance of the clathrate structure, the concomitant formation of an ice 

phase exhibiting gOO(r) similar to LDA ice, and the increase of the number of ammonia-ammonia 

and ammonia-water pairs in the system.  

 

 4. Summary and Conclusions 

 

 In this paper, we have investigated the trapping of ammonia molecules into a clathrate 

structure by means of Grand Canonical Monte Carlo simulations, performed at three different 

temperatures relevant for astrophysical environments. Contrarily to previous molecular dynamics 

simulation studies performed on the same system,[10,11] no a priori assumption was made on 

the number of ammonia molecules incorporated into the water lattice, which was, by contrast, 

calculated directly from the simulations as a function of the chemical potential. This treatment 

allowed us to investigate the stability of the clathrate structure as a function of not only the 

temperature, but also of the ammonia loading.  

 Our results have revealed that ammonia containing clathrate of structure I is stable at 

partial filling during the whole length of our GCMC simulations, irrespective of the temperature 

in the range investigated here. It could also be stable (or, more exactly, metastable during the 

entire course of our simulations) in a chemical potential range (and hence in a pressure range) 

that corresponds to a maximum of 8 ammonia molecules per unit cell, i.e., to the full occupancy 

of the clathrate structure. At higher chemical potential values and higher temperatures, new 

features are evidenced by the various structural analyses performed, which can be related to a 

progressive dissolution of the clathrate concomitant with a transformation to an ice phase 
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showing structural ordering similar to low density amorphous ice at 150 and 180 K. This 

dissolution of the clathrate allows a continuously increasing loading of ammonia molecules that 

are thus mixed with water molecules in the new phase formed. It should be mentioned that the 

full characterization of the ice phase form upon clathrate dissolution would require additional 

investigations that are beyond the scope of this paper, since discriminating between the various 

phases of solid ice could be a very tedious task.[49] In addition, the present results may depend 

on the water potential model used here (TIP4P/Ice), for which no detailed characterization of the 

various amorphous ice phases is available in the literature, contrarily to a number of water 

models, including polarizable ones, [50] which have been shown to exhibit stability of LDA ice 

up to at least 180 K, depending also on the pressure and the way of preparation.[51-54] 

Moreover, as for any GCMC simulations, the results obtained could depend on the number of 

MC steps used in the calculations. Although, very long simulations, involving a huge number of 

MC steps have been performed here, it could be possible that the total decomposition of the 

clathrate hydrate phase upon increasing ammonia loading has not been fully reached during the 

course of our simulations. In that sense; the picture described here in which part of the system 

remains clathrate-like at 150 and 180 K even at high ammonia loading could be questioned in 

much longer GCMC simulations. 

 Anyway, the present GCMC results support the stability (or metastability) of the ammonia 

clathrate of structure I at very low temperature (100 K) and for chemical potential (i.e., pressure) 

values that do not exceed the single-occupancy of all the clathrate cages, in accordance with the 

conclusions obtained from previous MD simulations.[10,11].  

However, that we cannot definitely rule out the possibility that our system has been stuck in a 

local free energy minimum during the entire course of our simulations (as it could also be the 

case in MD simulations). Note that such metastable states have been recently experimentally 

observed, for instance for the N2 clathrate,[55] and, even, for empty clathrates,[56] suggesting 

that kinetic effects may play an important role in the evolution of the clathrates structures.[55]  

In the systems simulated in the present work, ammonia molecules are trapped into the 

cages of the water lattice with the formation of hydrogen-bonds between water and ammonia 

molecules, in which the water molecule can act as both proton-acceptor and proton-donor. 

Ammonia molecules can also displace water molecules, and become incorporated into the water 

lattice upon increasing the ammonia loading and the temperature. The incorporation of some 
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ammonia molecules into the water lattice results in the destabilization of the clathrate structure 

and, as the number of ammonia molecules increases, more and more ammonia-ammonia and 

ammonia-water pairs are formed that finally lead to the disappearance of the clathrate structure.  

 The results of the present work emphasize the role that ammonia can play in forming or 

destabilizing solid clathrate phases at low temperatures in planetary environments.[57] They 

could thus help in better understanding the mechanisms governing the stability regions of, for 

instance, the methane clathrate phases on various moons in the Solar System.[10] Indeed, 

methane clathrates are likely present on, e.g., Titan, Enceladus, or Europa,[58] where they are 

supposed to consist internal reservoirs of methane and other atmospheric gases. In the case of 

Titan, the dissociation of these methane clathrates has even been invoked to be the main 

contributor to the replenishment of Titan’s atmospheric methane via outgassing episodes.[58-60]. 

Our calculations also point out the subtle interplay between the various environmental 

conditions (temperature, partial pressure of ammonia) on the stability of the ammonia clathrate 

phase. Ammonia clathrate may thus be ubiquitous in the interiors of the icy bodies of the outer 

solar system. Indeed, the surface temperature of Jupiter’s icy moon Europa, which can reach 

about 130 K, [61] suggests that ammonia clathrate may be present in the ice crust and then favor 

some type of biochemistry. The subsurfaces of other icy bodies of the solar system located at 

further distances may also harbor ammonia clathrates, provided that some internal heat sources 

allow the local temperature to remain in the 100-150 K range. 
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Table 1. Interaction Parameters and geometry of the Molecular Models Used
a
 

Molecule   
 

 

NH3
b
 Site /Å /kJ mol

-1 q/e 

 
N 3.42 0.7113 -1.020 

H   0.340 

 bond bond length (Å) Angle
 

bond angle (deg) 

 N-H 1.010 H-N-H 106.4 

H2O
c
 O 3.1668 0.8822 0.000 

 H - - 0.5897 

 M
d 

- - -1.1794 

 bond bond length (Å) Angle
 

bond angle (deg) 

 O-H 0.9572 H-O-H 104.52 

 O-M 0.1577   

a,  and q stand for the Lennard-Jones distance and energy parameters and for the fractional 

charges, respectively. 

b
OPLS model [24] 

c
TIP4P/Ice model [23] 

d
Non-atomic interaction site
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Figure legends 

 

Figure 1. Occupancy isotherm of NH3 in a (a) rigid (top panel) and (b) flexible (bottom panel) 

clathrate hydrate, as obtained from our GCMC simulations at 100 K (black squares), 150 K (red 

circles) and 180 K (green triangles). Filled and empty symbols correspond to 2  2  2 and 

3 3  3 clathrate units in the basic box. The insets show the occupancy isotherms calculated as a 

function of the relative pressure prel=p/p0. The lines connecting the points are just guides to the 

eye. The arrows indicate the chemical potential values corresponding to the point of condensation 

of NH3. Note that, for the ordinate axis, we divide the number of ammonia molecules in the 

simulation box by the number of unit cells of the rigid clathrate, as an arbitrary normalization. 

 

Figure 2. Some snapshots of the systems in a flexible clathrate hydrate of NH3, as obtained from 

our GCMC simulations at 100 K at (a) low (-21.72 kJ/mol) and (b) high (-10. 08  kJ/mol) 

chemical potential values corresponding to different fillings of the cages. O, N, and H atoms are 

shown by red, blue and white balls, respectively. Note that snapshots for the same chemical 

potential values are given on the right hand side of the figure, in which ammonia molecules have 

been removed for clarity (i.e., only the water network is shown)  

 

Figure 3. Tetrahedral order parameter (red squares) calculated for the flexible NH3 clathrates, as 

a function of the chemical potential, at 100 K (top panel), 150 K (middle panel), and 180 K 

(bottom panel). The corresponding occupancy isotherms are also shown (black circles). The lines 

connecting the points are just guides to the eye. The dashed vertical lines indicate the chemical 

potential values corresponding to the point of condensation of NH3. Scales at the left and right 

side of the figure correspond to the occupancy isotherm and order parameter data, respectively. 

Note that, for the ordinate axis, we divide the number of ammonia molecules in the simulation 

box by the number of unit cells of the rigid clathrate, as an arbitrary normalization. 

 

Figure 4. Distributions of the tetrahedral order parameter, obtained by considering only the O 

atoms, for various chemical potential values, corresponding to different NH3 loadings, in the 

flexible clathrate at 100 K (top panel), 150 K (middle panel), and 180 K (bottom panel). The 
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insets show the region of the peak around 0.4 on a magnified scale. The percentage of atoms 

giving rise to this peak is also indicated.  

 

Figure 5. Distribution of the tetrahedral order parameter, obtained by considering both the O and 

N atoms, for various chemical potential values, corresponding to different NH3 loadings, in the 

flexible clathrate at 100 K (top panel), 150 K (middle panel) and 180 K (bottom panel). 

 

Figure 6. Fraction of water molecules that belong to a given number of cyclic pentamers in the 

systems simulated at (a) 100 K, (b) 150 K and (c) 180 K at various chemical potential values, 

corresponding to different NH3 loadings. The distributions corresponding to the perfect rigid 

clathrate and to the perfect Ih ice crystal are given as a reference in the top and bottom panels, 

respectively. 

 

Figure 7. Partial radial distribution functions between the O atoms of the water cages (top 

panels), between the O and N atoms (middle panels), and between the N atoms (bottom panels), 

as obtained at (a) 100 K, (b) 150 K and (c) 180 K at various chemical potential values, 

corresponding to different NH3 loadings. The radial distribution functions calculated for the rigid 

clathrate at full occupancy is also given as a reference. The curves corresponding to increasing 

chemical values are shifted up by 2, 4, 6, 8, and 10 units, for clarity. 
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Figure 1. 

Fábián et al. 
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