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Abstract: 

 

 The adsorption of the fluorinated methane derivatives, CHnF4-n, at the (0001) surface of 

Ih ice is studied by grand canonical Monte Carlo computer simulation at the tropospheric 

temperature of 200 K. It is found that CH4 and CF4 adsorbs rather weakly, while CH3F, CH2F2 

and CHF3 exhibit multilayer adsorption. The vapor phase of CH4 and CF4 turns out to be rather 

dense, in accordance with the fact that CF4 is already rather close to, while CH4 is already 

above its critical point. Adsorbed CH3F molecules, being in contact with the ice phase, turn 

with their H atoms towards the ice surface, forming several weak, C-H donated hydrogen 

bonds with the surface water molecules. By contrast, CH2F2 and CHF3 molecules are found to 

turn at least one of their F atoms towards the ice phase, forming strong, O-H donated hydrogen 

bonds with surface waters, in accordance with former infrared (IR) spectroscopy data. Once all 

hydrogen bonding positions are occupied, the first molecular layer of these molecules is not yet 

saturated. Thus, further molecules can be adsorbed in contact with the ice phase, but without 

forming hydrogen bonds with it.  
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1. Introduction 

 

 Solid water surfaces in ice clouds and snowflakes are now recognized to play important 

roles in a variety of atmospheric phenomena ranging from catalytic ozone destruction due to 

halogen activation in the polar stratosphere [!1] to organic compound scavenging by falling 

snow.[!2] Indeed, the impact of ice-halogen chemistry on the formation of the Antarctic ozone 

hole was definitely quantified at the end of the last century, and was related to halogen released 

from ice particles that are interacting with long-lived anthropogenic substances, such as 

chlorofluorocarbons (CFCs) in Polar Stratospheric Clouds.[!3] This led to the signing of the 

Montreal Protocol in 1987, which resulted in a significant decrease of the global production 

and use of CFCs, these chemical substances being progressively replaced first by 

hydrochlorofluorocarbons (HCFCs) and, in a second step, by hydrofluorocarbons (HFCs).[!4] 

Indeed, like CFCs, the entirely synthetic HFC compounds can be used not only in refrigeration 

and air conditioning, but also as foam agents, medical aerosols, fire retardants, and 

solvents.[!5,6]  

Unfortunately, HFCs are greenhouse gases and, because their atmospheric 

concentrations are rapidly increasing, their contribution to anthropogenic greenhouse gas 

emissions is causing international concern about their influence on climate, which is now 

estimated to reach up to 19% of the projected CO2 radiative forcing in 2050.[!7,8] Moreover, it 

has been recently inferred that, by increasing tropospheric and stratospheric temperatures, these 

strong radiative forcers might indirectly enhance ozone-destroying catalytic cycles.[!6] 

 HFCs are long-lived chemicals with slow gas phase reactions, therefore they may 

remain in the atmosphere for many years unless scavenged from the gas phase, for instance, by 

dissolution into water droplets or trapping at the surface of ice particles.[!9] The 

characterization of their interaction with water and/or ice surfaces is thus of fundamental 

importance to better estimate their atmospheric fate. However, and surprisingly, the interaction 

of HFCs with ice surfaces has scarcely been studied in the literature, and we are aware of only 

a handful of (rather old) related experimental papers. For instance, Buch et al. used infrared 

(IR) spectroscopy measurements to characterize the surface of ice nanocrystals through the 

analysis of the asymmetric C-F stretch of adsorbed CF4 molecules, used as surface probes, at 

83 K.[!10] More related to our purpose, Holmes and Sodeau studied the interaction between 
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amorphous ice and a series of twenty-three halogenocarbon compounds, including compounds 

corresponding to the general formula CHnF4-n, by means of IR spectroscopy measurements at 

12 K.[!11] They found that all these molecules interact through lone pair donation from a 

halogen atom to a dangling hydrogen atom of the water molecules at the surface of ice, and 

that the IR shift of the corresponding dangling O-H bond strongly depends on the nature of the 

halogenocarbon molecule. At the same time, Graham et al., used helium atom scattering to 

characterize, under ultrahigh vacuum conditions, the adsorption of CHF3 at the (0001) surface 

of Ih ice, and showed that these molecules can form an ordered overlayer at temperatures below 

75 K, in which the CHF3 molecules are aligned most probably with their H-atoms pointing 

downwards.[!12] Later, Martin et al. characterized the adsorption of CF4 on amorphous ice by 

volumetric and Fourier transform IR co-measurements at 95 K, showing that CF4 does not wet 

the ice surface and that the layer growth is probably achieved by three-dimensional clustering 

on the amorphous ice surface.[!13] It should be noted that, not only scarce, these experiments 

have been conducted in conditions far from those encountered in the upper troposphere/lower 

stratosphere and, as a consequence, their conclusions are of little interest for atmospheric 

sciences. In contrast, a more recent work by Moreno et al. provided uptake results of 

trifluoroethanol (CF3CH2OH) on ice over the temperature range of 203 - 223 K using a coated 

wall flow tube coupled to mass spectrometric detection.[!9] The results showed that over pure 

ice the adsorption of this molecule is fully reversible and can be described in terms of the 

Langmuir isotherm for the range of concentrations and temperatures investigated, with an 

adsorption enthalpy value of -46 ± 16 kJ/mol. Moreover, from these results it was inferred that 

while ice surfaces in cirrus clouds may retain only 1.5% of CF3CH2OH, snow can behave as an 

efficient reservoir for this molecule because of the large density areas of snowpack in the 

Arctic boundary layer that may enhance the gas/ice partitioning up to 41% at 223 K.[!9] 

 Experimental investigations can, in principle, be well complemented by computer 

simulation studies, as in computer simulations a more detailed insight at the molecular level 

can be obtained into a suitably chosen model of the system of interest than what can be 

provided by any experiment. In spite of this, computer simulation studies of the adsorption of 

halomethanes at atmospheric surfaces are also scarce. To quantify the thermodynamic driving 

force of this adsorption at infinitely low surface density, we calculated the solvation free 

energy profile of several fluorinated (i.e., CH2F2) and chlorinated (CH2Cl2, CHCl3) methane 
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derivatives across the ice/air and water/air interfaces. [!14] Similar study was later performed 

by Habartová et al. concerning the free energy profile of all the partially chlorinated and 

brominated methane derivatives at the water/air interface. [!15] Later they also studied the 

adsorption of these molecules at the surface of Ih ice at infinitely low surface density by 

molecular dynamics simulations. [!16] Finally, in a recent study, using the grand canonical 

Monte Carlo (GCMC) simulation method [!17,18] we investigated in detail the adsorption 

process of CH2F2 and CH2Cl2 at the surface of Ih ice under tropospheric conditions. [!19] The 

GCMC method is particularly suitable for studying adsorption, because in this method the 

chemical potential rather than the number of the adsorbate molecules is fixed in the simulation. 

As a consequence, by systematically varying the value of this chemical potential in a series of 

GCMC simulations, and determining the number of the adsorbed molecules per surface unit as 

a function of it, the adsorption isotherm can be directly calculated, and deeper analyses can 

always be performed at physically relevant surface coverages. Indeed, the GCMC method has 

successfully been applied to study the adsorption of small molecules at various solid surfaces, 

such as ice, [!19-24] metal oxides, [!25-27] kaolinite, [!28,29] zeolites, [!30-35] protein 

crystals, [!36] covalent organic frameworks, [!37-39] carbonaceous materials, [!40-45] or self-

assembled monolayers [!46,47] several times. 

 Our former results concerning the adsorption of CH2F2 and CH2Cl2 at the surface of ice 

revealed that the adsorption behavior of these two molecules is markedly different from each 

other, [!19] thus raising interest for systematic studies on halogenocarbon adsorption on ice. 

For this reason, we present here a detailed investigation of the adsorption behavior of the 

CHnF4-n molecules at the surface of Ih ice under tropospheric conditions by performing GCMC 

simulations. One might expect rather different adsorption behavior of these compounds, since 

several of their physical properties that might be related to the adsorption, such as the dipole 

moment, melting and boiling point or the critical temperature scatter in a rather broad range of 

values, as seen from Table 1. Besides the adsorption isotherms, the layering of the adsorbed 

molecules as well as the orientation and binding energy of the adsorbed molecules that are in 

direct contact with the ice phase are also analyzed in detail. The paper is organized as follows. 

In sec. 2 details of the calculations performed are given. The obtained results are presented in 

sec. 3, and in sec. 4 the main conclusions of this study are discussed and summarized. 
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2. Computer Simulations  

 

 The adsorption of methane and its four partially or fully fluorinated derivatives, i.e., 

CH4, CH3F, CH2F2, CHF3, and CF4 at the (0001) surface of Ih ice has been studied by 

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

temperature of T = 200 K. The basic simulation box has consisted of 2880 water molecules, 

arranged in 18 molecular layers according to the geometry of the Ih ice crystal. The LX, LY, and 

LZ edge lengths of the basic simulation box along the X, Y, and Z axes of an external Cartesian 

frame have been set to 100.0, 38.891, and 35.926 Å, respectively, X being the surface normal 

axis. The values of LY and LZ have been set according to the periodicity of the ice crystal along 

the Y and Z axes, respectively. In each of the simulations the chemical potential of the 

adsorbate, , has been systematically varied from values corresponding to practically no 

adsorbate molecules in the basic box to those corresponding to a dense (condensed) phase of 

the adsorbate. To access the adsorption isotherms, the average number of the adsorbate 

molecules in the basic box, <N>, has been recorded as the function of the chemical potential. 

The  values used in the simulations are collected in Tables S1-S5 of Supporting Information.  

 The methane derivative adsorbate molecules have been described by the force field 

proposed by Palmer and Anchell for exactly this set of molecules, [!49] whereas water has 

been modeled by the TIP5P potential, [!50] since this model reproduces the melting point of Ih 

ice rather accurately. [!51,52] According to these potential models, the total potential energy of 

the system has been calculated as the sum of the contributions of all molecule pairs, and the 

interaction energy of the ith and jth molecule, uij, has been calculated as the sum of the 

Lennard-Jones and Coulomb contributions of all pairs of their interaction sites: 
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In this equation, the indices  and  run over the Ni and Nj interaction sites of molecule i and j, 

respectively, q and q are the fractional charges carried by the respective interaction sites, 0 

is the vacuum permittivity, ri,j is the distance between site  on molecule i from site  on 



 7

molecule j, while  and  are the Lennard-Jones energy and distance parameters, 

respectively, corresponding to the site pair  and , derived from the values corresponding to 

the individual sites through the Lorentz-Berthelot rule, [!18] i.e.,  = ( )½ and 

= ()/2. All the molecular models used have been rigid, and all interactions have been 

truncated to zero beyond the center-center cut-off distance of 12.5 Å. According to the original 

parameterization of all the potential models used here, [!49,50] no long range correction has 

been applied for the electrostatic interaction. The interaction and geometry parameters of the 

molecular models used are collected in Tables 2 and 3, respectively. It should be noted that in 

our previous work we already studied the adsorption of CH2F2 at the surface of ice, [!19] 

however, by using another model of CH2F2, namely the Jedlovszky-Mezei (JM) potential. [!53] 

This fact will allow us to address also the model dependence of the results. To test the validity 

of the models used to describe the adsorbate molecules, we have performed molecular 

dynamics (MD) simulations of the neat bulk fluid phase of these models at 200 K and 1 bar 

(using the GROMACS 4.5.5 program package, [!54] performing 20 ns long equilibration and 

10 ns long production runs). For comparisons, a similar MD simulation has also been 

performed with the JM model of CH2F2. The diffusion coefficient (D), density () and total 

potential energy (U) of these systems are collected in Table 4, while their C-C radial 

distribution functions are shown in Figure S1 of Supporting Information.  

 The GCMC simulations have been performed using the program MMC. [!55] In a 

Monte Carlo step either, by 50% probability, a randomly chosen molecule has been attempted 

to be randomly translated and rotated around a randomly chosen axis parallel with one of the 

edges of the basic box, or the number of the adsorbate molecules has been attempted to be 

changed by inserting or deleting a molecule. In molecule displacement steps the translation and 

rotation have not exceeded the values of 0.25 Å and 15o, respectively; these steps have been 

accepted or rejected according to the standard Metropolis criterion. [!18,56] Insertion and 

deletion attempts, performed with equal probabilities, have been done according to the cavity 

biased scheme of Mezei. [!57,58] Thus, molecules have only been tried to be inserted into 

empty cavities the radius of which has been at least 2.5 Å. Cavities have been searched for 

along a 100 × 100 × 100 grid, which has been regenerated after every 106 Monte Carlo steps. 

Insertion/deletion attempts have been accepted or rejected according to the acceptance rule of 

the cavity biased method. [!57,58] The probability of finding a suitable cavity, Pcav, used in this 
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acceptance criterion has simply been obtained as the ratio of cavities found and grid points 

tested. At least 0.1% of the insertion/deletion and 10% of the particle displacement attempts 

have turned out to be successful in every case.  

 The simulations have started from a perfect Ih ice crystal, with two adsorbate molecules 

placed randomly in the vapor phase. The ice phase has been placed in the middle of the basic 

box along its X axis. Standard periodic boundary conditions have been applied in all three 

directions. Due to this periodicity, the basic box has contained two ice surfaces. All results 

have been obtained by averaging over these two surfaces. The systems have been equilibrated 

by performing 3×108 Monte Carlo steps. Then, the average number of the adsorbate molecules 

in the basic box, <N>, has been calculated in a trajectory generated by performing another 108 

Monte Carlo steps. In the case of systems containing CH4 or CF4, 500 sample configurations, 

separated by 2×105 Monte Carlo steps each, have been saved from this trajectory to calculate 

the adsorbate density profiles, and the value of their surface excess. For the other three 

systems, 2500 independent sample configurations, separated by 2×105 Monte Carlo steps long 

trajectories each, have been dumped from a subsequent 5×108 Monte Carlo steps long 

trajectory for detailed analyses at five selected chemical potential values (see Tables S2-S4 of 

Supporting Information).  

 

3. Results  

 

 3.1. Adsorption Isotherms. The average number of the CHnF4-n adsorbate molecules 

present in the basic box, <N>, is shown as a function of the adsorbate chemical potential, , in 

Figure 1, whereas the corresponding data are collected in Tables S1-S5 of Supporting 

Information. For systems in which practically all adsorbate molecules belong to the adsorption 

layer, this <N>() curve agrees with the adsorption isotherm, the chemical potential being its 

independent variable. In the present study, the systems containing CH3F, CH2F2, and CHF3 

have turned out to be such systems. On the other hand, when the adsorbate molecule has been 

CH4 or CF4, the vapor phase of the system contained also non-adsorbed molecules in a quantity 

that is comparable with that of the adsorbed ones. The reason for this behavior is that the 

simulation temperature of 200 K is rather close to the critical point of these molecules (the 

experimental critical temperature of CH4 and CF4 being 190.6 K and 227.7 K, [!48] 
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respectively, see Table 1). It should be noted that the experimental critical point of CH4 is even 

below the simulation temperature by about 10 K, and the behavior of the simulated <N>() 

data, i.e., its continuous increase in the entire chemical potential range and lack of a sharp, 

sudden jump suggests that the CH4 model used in the simulations is also supercritical at the 

simulation temperature. Although the CF4 model used seems to be still below its critical point, 

it is already rather close to it, and hence the difference between the liquid and vapor phases is 

rather small: the vapor phase is dense and the liquid phase is of low density. Our conclusion 

that the used model of CH4 is already above its critical point is also supported by the diffusion 

coefficient, density and internal energy values (see Table 4) and carbon-carbon radial 

distribution function (see Fig. S1 of Supporting Information), obtained from bulk MD 

simulation at 200 K. 

 The <N>() data obtained for the four fluorine-containing adsorbates, in contrast with 

that of CH4, exhibit a very sharp jump at well defined chemical potential values, indicating 

condensation of the adsorbate at this  value, and the presence of a liquid rather than vapor 

phase above it. The chemical potential value corresponding to the condensation of CH3F, 

CH2F2, CHF3, and CF4 turned out to be -25.09, -45.56, -30.48, and -24.55 kJ/mol, respectively. 

The vicinity of the critical point of CF4 is also reflected in the high compressibility of the liquid 

phase, seen from the large slope of the liquid branch of the <N>() data. Since CH4 is already 

above its critical point at the temperature of the simulations, the number of CH4 molecules 

changes continuously with the chemical potential value. Nevertheless, by calculating the 

derivative of the <N>() data numerically, one can determine the chemical potential value at 

which the <N>() data is of maximum slope, i.e., the compressibility of CH4 is the largest. 

This  value, turned out to be -16.75 kJ/mol, lays along the so-called Widom line, i.e., the 

supercritical extension of the vapor-liquid coexistence curve, where the thermodynamic 

response functions (e.g., the compressibility) of the supercritical system go through a finite 

maximum. When comparing the five <N>() data sets it is seen that the adsorption of CH2F2 

starts at considerably smaller, and that of CF4 and CH4 at considerably larger chemical 

potential values than that of the other molecules, and also that CH2F2 condenses much earlier 

than the other four molecules considered. The first finding indicates a much higher affinity of 

CH2F2 (and much smaller affinity of CH4 and CF4) to ice, while the second one reflects the 

significantly larger cohesion of CH2F2 than that of the other molecules.  
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 To further analyze the obtained adsorption isotherms, we have converted the <N>() 

data sets to the more conventional (prel) form, where  is the surface excess, and prel = p/p0 is 

the relative pressure, i.e., the pressure, p, normalized by that of the saturated vapor, p0. Having 

the chemical potential value corresponding to the point of condensation, 0, detected, prel can 

simply be calculated as [!26]  

 

)exp(
)exp(

00
rel 




p
pp ,      (2) 

where  = 1/kBT, and kB is the Boltzmann constant. In the case of CH4, when no condensation 

occurs, we used the  value corresponding to the Widom line (i.e., to the maximum steepness 

of the <N>() data) as 0. For CH3F, CH2F2 and CHF3, i.e., when the bulk vapor phase density 

turned out to be practically zero at every chemical potential value up to the point of 

condensation,  has simply been calculated as  
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where the factor of 2 in the denominator accounts for the two ice surfaces present in the basic 

simulation box. For CH4 and CF4, on the other hand,  has been calculated as the surface 

excess with respect to an idealized situation, in which the density is constant at the vapor side 

of the Gibbs dividing surface and zero at its ice side: [!59,60] 
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Here XG is the position of the Gibbs dividing surface along the surface normal axis, X, (X) is 

the number density profile of the adsorbate along the X axis, and  vap is the bulk vapor phase 

density, calculated here as the mean value of (X) in the X range between 45 and 50 Å. The 

(X) molecular number density profiles of CH4 and CF4 are shown in Figure 2 as obtained at 

selected chemical potential values. The inset of the figure shows the bulk vapor/gas part of 

these profiles, demonstrating that the bulk phase density of these systems is indeed different 

from zero. The value of XG in eq. 4 has been determined from the condition that no adsorption 
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is possible from the liquid phase, i.e.,  = 0 above the point of condensation. This way, in 

contrast with the raw <N>() data, the (prel) isotherms indeed account only for the amount of 

the adsorbed molecules in the system. It should also be noted that in the case of adsorbates 

being below their critical point prel cannot exceed unity, as prel = 1 marks the point of 

condensation, but for CH4, being already above its critical point, prel values above 1 are also 

physically meaningful, as they simply correspond to the state of a dense gas. However, in this 

case, the value of  increases up to about prel = 1, i.e., when the bulk gas phase is of low 

density (as adsorption is defined as an excess with respect to the bulk gas phase density, which 

is small here), and rapidly decreases above prel = 1, when the bulk gas phase density is rather 

high.  

 The (prel) adsorption isotherms obtained from our simulations are presented in Figure 

3, and the corresponding data are also included in Tables S1-S5 of Supporting Information. As 

is seen, the isotherms corresponding to CH3F, CH2F2 and CHF3 exhibit a linear increase at low 

prel values, then the slope of the curve decreases, but before reaching a plateau it rises sharply 

again at high prel values. This behavior is characteristic to class II isotherms according to the 

IUPAC convention, and indicates multilayer adsorption. This multilayer adsorption is clearly 

the strongest for CH3F, and weakest for CH2F2, for which the isotherm goes only slightly 

above the monolayer saturation value at prel values above 0.8. This behavior is somewhat 

different from what was previously observed for CH2F2 with the JM potential model, when the 

multilayer adsorption turned out to be much more pronounced than here. [!19] Nevertheless, 

the qualitative behavior of the two models of CH2F2 are similar to each other.  

 Class II isotherms describe that type of multilayer adsorption when the first layer gets 

more or less saturated before the outer layers start building up. This allows us to fit the 

Langmuir isotherm, [!61,62] i.e.,  

 

Kp
KpΓΓ

rel

rel
max 1 

       (5) 

to the (prel) data up to a certain prel value, being below the pressure at which the building up of 

the outer layers begins. In the above equation max is the surface density (surface excess) of the 

saturated monolayer, and K is the Langmuir partition coefficient. In the present case, the (prel) 

data have turned out to follow the Langmuir isotherm up to the prel values of about 0.15, 0.2, 
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and 0.65 for CH3F, CHF3, and CH2F2, respectively. The Langmuir isotherms fitted to the 

simulation data up to these relative pressures are also included in Fig. 3 (dashed lines). The 

max and K values obtained for CH3F, CH2F2, and CHF3 are 7.46 mol/m2 and 23.0, 

6.74 mol/m2 and 3.78, and 7.04 mol/m2 and 12.5, respectively. It should be noted that 

multilayer adsorption can often be well described by the Brunauer-Emmett-Teller (BET) 

isotherm, [!62] however, in our case neither of the three (prel) data sets have turned out to be 

consistent with this description, as the BET fit of all of them are rather poor. 

 For a further, detailed analysis we have only considered the systems containing CH3F, 

CH2F2, and CHF3. For this purpose, we have collected 2500 independent sample configurations 

at five different chemical potential values for all these three adsorbates, in such a way that they 

include systems characterized by an unsaturated monolayer, a more or less saturated 

monolayer, multilayer adsorption, as well as condensed phase of the adsorbate in every case. 

The five selected state points are marked as MF1, MF2, MF3, MF4, and MF5 for CH3F (MF 

standing for methyl fluoride) in such a way that MF1 corresponds to the system of the lowest, 

and MF5 to that of the highest chemical potential value. Similarly, for CH2F2 the five selected 

systems ate denoted by MeF1, MeF2, MeF3, MeF4, and MeF5 (MeF standing for methylene 

fluoride), and for CHF3 by FF1, FF2, FF3, FF4, and FF5 (FF standing for fluoroform). These 

state points are marked in Figures 1 and 3, and the corresponding chemical potential values are 

indicated in Tables S2-S4 of Supporting Information. An equilibrium snapshot of systems 

MF2, MF4 and MF5, those of MeF2, MeF4 and MeF5, and those of FF2, FF4, and FF5 are 

shown in panels a, b, and c of Figure 4, respectively, for illustration. 

 

 3.2. Density Profiles. The molecular number density profiles of CH3F, CH2F2, and 

CHF3 in states MF1-MF5, MeF1-MeF5, and FF1-FF5, respectively, are shown in Figure 5 (the 

position of the molecules being estimated by that of their C atom). For reference, the water 

number density profile in system MF1 is shown in the inset of this figure; this profile has 

turned out to be very similar in every system considered. As is seen, systems MF2 and FF3 are 

characterized by a more or less saturated monolayer, in systems MF3 and FF4 two, whereas in 

MF4 three layers of adsorbed molecules can be clearly distinguished. In the case of CH2F2, on 

the other hand, the first molecular layer is not yet saturated even in system MeF4, and even 

traces of the second molecular layer can hardly be seen from the profile. This finding seems to 
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contradict our conclusions, drawn from the shape of the adsorption isotherm, concerning 

multilayer adsorption of CH2F2, even if a few CH2F2 molecules are indeed located in the X 

range of the second molecular layer in system MeF4. This point is further discussed in a 

following subsection. Further, in a clear contrast with the density profiles of CH4 and CF4 (Fig. 

2), the density profiles of CH3F, CH2F2 and CHF3 indeed drop to zero in the middle of the 

adsorbate phase in every state point below the point of condensation. It is also seen that 

systems MF5, MeF5 and FF5 are characterized by the liquid phase of the adsorbate. In the 

liquid phase of CH3F and CHF3 five subsequent molecular layers can be clearly distinguished 

next to the ice surface, whereas in the case of CH2F2 the density profile flattens already beyond 

the second molecular layer. This feature indicates that CH2F2 is considerably farther from its 

melting point at the simulation temperature than CH3F and CHF3 (as it is also the case for CF4 

and CH4, for which only 3-4 molecular layers next to the ice surface can be clearly 

distinguished in the liquid/dense gas state, see Fig. 2). However, unlike that of CH4 and CF4, 

the experimental melting point of CH2F2 is not farther from the simulation temperature of 

200 K than that of CH3F and CHF3 (see Table 1), suggesting that the potential model of CH2F2 

used here probably seriously underestimates the melting point. 

 In the following analyses, we only consider the adsorbed molecules that belong to the 

first molecular layer at the ice surface. The boundary of this layer can be conveniently defined 

as the position of the first minimum of the adsorbate density profile in the liquid phase (see the 

dashed vertical lines in Fig. 5). This way, we have regarded CH3F, CH2F2, and CHF3 

molecules as belonging to the first molecular layer at the ice surface if their position along the 

surface normal axis, X, have not exceeded 35.8, 35.4, and 36.0 Å, respectively. 

 

 3.3. Orientation of the Adsorbed Molecules. In order to get more insight into the 

adsorption process, we have analyzed the orientational statistics of the adsorbed CH3F, CH2F2 

and CHF3 molecules in the first molecular layer. In describing the orientational statistics of 

(non-linear) rigid bodies, the bivariate joint distribution of two independent orientational 

variables has to be calculated. [!63,64] As it was shown previously, the angular polar 

coordinates,  and , of the surface normal vector in a local Cartesian frame fixed to the 

individual molecules represent a sufficient choice of such an independent variable pair ( and 

 being the angle between the surface normal vector and z axis of the local frame, and that 
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between the projection of the surface normal vector to the xy plane and x axis of the local 

frame, respectively). It should be noted, however, that to ensure that each point of the bivariate 

orientational distribution corresponds to the same density of orientations (in other words, 

uncorrelated orientation of the molecules with the surface result in a uniform distribution), 

cos and  are needed to be used as the orientational variables. [!63,64] 

 Here we define this local Cartesian frame for the different molecules in the following 

way. For the CX3Y molecules, corresponding to the C3v symmetry group, axis z points along 

the Y-C bond (i.e., F-C bond for CH3F, and H-C bond for CHF3) from the F/H towards the C 

atom, and one of the three X atoms (i.e., H for CH3F, and F for CHF3) lays in the xz plane. Due 

to the symmetry of these molecules, this frame can always be chosen in such a way that the 

polar angle  does not exceed 60o. In the case of CH2F2, axis z is the main symmetry axis of the 

molecule, oriented in such a way that the z coordinates of the H atoms are negative, while those 

of the F atoms are positive, and the H atoms lay in the xz, while the F atoms in the yz plane of 

this frame. Due to the symmetry of these molecules, this frame can always be chosen in such a 

way that the polar angle  does not exceed 90o. In every case, the surface normal vector, X, is 

oriented in such a way that it points away from the ice phase. The definition of these local 

Cartesian frames and polar angles  and  for CH3F, CH2F2, and CHF3, together with the 

P(cos,) orientational maps obtained in states MF1-MF5, MeF1-MeF5, and FF1-FF5, 

respectively, are shown in panels a, b, and c, respectively, of Figure 6.  

 As is seen from Fig.6.a, the CH3F molecules clearly prefer the orientation characterized 

by cos = -1, in which the C-F bond points straight away from, and the three C-H bonds point 

flatly towards the ice phase, in every state. In this orientation, marked here as IMF, the H atoms 

of the CH3F molecule can participate in weak, C-H….O type hydrogen bonds with the surface 

water molecules aligned in two of their four preferred orientations. [!20] These possible weak, 

C-H….O type hydrogen bonding patterns between an adsorbed CH3F and a surface water 

molecule is illustrated also in Fig. 6.a. 

 The adsorbed CH2F2 molecules have two preferred orientations. In the first one, 

characterized by cos ≈ -0.3 and a  value close to 90o, one of the C-F bonds of the molecule 

points straight to the ice phase, while in the other one, corresponding to cos = -1 and  = 0o, 

the main symmetry axis of the molecule stays perpendicular to the ice surface, the two F atom 

pointing towards, while the two H atoms away from the ice phase. These orientations are 
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denoted here as IMeF and IIMeF, respectively. Among the two preferred orientations, clearly 

IIMeF is found to be the dominant one here, and the preference for alignment IMeF even vanishes 

as the first molecular layer gets more saturated. The CH2F2 molecule can participate in strong, 

O-H….F type hydrogen bonds with surface water molecules oriented in one of their preferred 

alignments [!20] both in orientation IMeF and IIMeF, as illustrated in Fig. 6.b. This finding is also 

in a clear accordance with former IR spectroscopy results of Holmes and Sodeau. [!11] In 

alignment IMeF a CH2F2 molecule can participate in up to three, while in alignment IIMeF up to 

two such hydrogen bonds (i.e., with all the three lone pairs of the downward oriented F atom in 

the first, and with both F atoms in the second case).  

 In the case of CHF3, the molecules prefer all alignments corresponding to cos ≈ -0.2, 

however, as the first molecular layer gets saturated, the two extreme alignments according to 

the polar angle , i.e., the ones corresponding to  = 0o and  = 60o become clearly more 

preferred than those of intermediate  values. In both of these two orientations, marked here as 

IFF and IIFF, respectively, the C-H bond points flatly away from the ice surface, declining from 

it by only about 10o. In alignments IFF and IIFF one of the three F atoms points as straight away 

from the ice phase, and as straight towards the ice phase, respectively, as possible. However, 

since the orientational preference of the CHF3 molecule is very weakly determined in terms of 

the polar angle , all intermediate orientations between IFF and IIFF, corresponding to various 

rotations of the molecule around its C-H bond, are also of high probability. In a clear 

agreement with former experimental results, [!11] the CHF3 molecule can form strong, O-H….F 

type hydrogen bonds with the surface water molecules, aligned in one of their preferred 

orientations, [!20] both in alignment IFF and IIFF, as illustrated in Fig. 6.c. In orientation IFF the 

CHF3 molecule can form up to two such hydrogen bonds (i.e., one by both of its downward-

oriented F atoms), while in alignment IIFF even three such hydrogen bonds might be formed 

(i.e., one along each lone pair of the downward-oriented F atom).  

 

 3.4. Energetic Background of the Adsorption. To get a more comprehensive 

understanding of the adsorption process investigated, we calculated the distribution of the 

binding energy, Ub, of the adsorbed molecules belonging to the first molecular layer at the ice 

surface. The binding energy, Ub, of an adsorbed molecule is the total interaction energy of it 

with the rest of the system, in other words, this is the energy required to bring the given 
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molecule at infinite distance from the system. Besides that of the total binding energy, Ub, the 

distribution of its separate contributions coming from the interactions of the given molecule 

with the ice phase and with the other adsorbate molecules, ice
bU  and lat

bU , respectively, have 

also been calculated. The binding energy distributions obtained for the adsorbed CH3F, CH2F2 

and CHF3 molecules in states MF1-MF5, MeF1-MeF5, and FF1-FF5, respectively, are shown 

in panels a, b, and c, respectively, of Figure 7.  

 The P( ice
bU ) distribution of CH3F (Fig. 7.a) is unimodal in every case. In state MF1, 

corresponding to the lowest surface coverage, its peak is located at about -30 kJ/mol, but with 

increasing surface coverage it shifts to about -20 kJ/mol. Considering the fact that the energy 

of a C-H donated hydrogen bond is about -10 kJ/mol, [!65] the position of the P( ice
bU ) peak 

indicates that at very low surface coverage, when the adsorbed CH3F molecules do not interact 

and do not compete for the positions with each other, the majority of the adsorbed molecules 

form three weak C-H….O type hydrogen bonds with the surface water molecules. Consistently, 

in state MF1 the P( lat
bU ) distribution has a sharp peak at zero energy, confirming that in this 

state the adsorbed molecules indeed do not interact with each other. At higher surface 

coverages, on the other hand, the adsorbed molecules form, on average, only two such 

hydrogen bonds due to the increasing competition of them for adsorbed positions. The fact that 

the P( ice
bU ) distributions are unimodal reflects the weakness of the C-H….O type hydrogen 

bonds, as peaks corresponding to CH3F molecules forming 0, 1, 2, and 3 such hydrogen bonds 

with the surface waters are too close to each other, and hence they merge to a single, broad 

peak. The broadness of this peak, in particular, in states MF2-MF5, in which P( ice
bU ) is 

noticeably different from zero in the entire energy range between about -40 and 0 kJ/mol, 

suggests that molecules forming 0, 1, 2, and 3 hydrogen bonds with the surface waters all occur 

with non-negligible probabilities. 

 As it has already been noted, the P( lat
bU ) distribution of CH3F (Fig. 7.a) has a sharp 

peak at zero energy in state MF1, due to the isolation of the adsorbed molecules from each 

other in this state. However, this distribution has also a small but noticeable shoulder around 

-5 kJ/mol, reflecting the few dimers of adsorbed CH3F (i.e., molecule pairs adsorbed in the 



 17

vicinity of each other). With increasing surface coverage, the peak of the P( lat
bU ) distribution 

progressively shifts to lower energies, reflecting the simple fact that a larger number of 

adsorbed molecules corresponds to an increase of the lateral interaction, and hence to a deeper 

lateral binding energy. 

 In the case of CH2F2, the P( ice
bU ) distribution (Fig. 7.b) is unimodal in states MeF1-

MeF3 of low surface coverages, and its peak is located in the energy range of -40 – -50 kJ/mol. 

Considering that the energy of a strong, O-H donated hydrogen bond is around -20 –

 -25 kJ/mol, this finding indicates that the majority of the adsorbed CH2F2 molecules form two 

hydrogen bonds with the surface waters. In states MeF1 and MeF2 the P( ice
bU ) distribution 

extends to about -70 kJ/mol, indicating that  a few molecules – presumably those aligned in 

orientation IMeF – may even form three such hydrogen bonds. In states MeF4 and MeF5 the 

P( ice
bU ) distribution becomes bimodal, besides the peak around -40 kJ/mol another peak 

appears around -10 kJ/mol. The position of this latter peak indicates that the molecules 

corresponding to it do not form any hydrogen bond with the surface water molecules. This 

finding helps us to resolve the seeming contradiction between the observed multilayer 

character of the adsorption at states that are close to the point of condensation, such as MeF4, 

as seen from the adsorption isotherm (see Fig. 3), and the lack of a second layer peak on the 

corresponding density profile (see Fig. 5). Thus, having all hydrogen bonding positions at the 

ice surface occupied by adsorbed CH2F2 molecules, the ice surface is not yet fully covered, 

newly arriving adsorbates can still be accommodated in contact with the ice phase, however, 

without the possibility of forming hydrogen bonds with it. In other words, these molecules 

form a second layer in an energetic rather than a geometric sense. As is seen from the P( ice
bU ) 

distribution in the condensed state MeF5, once all the contact positions with the ice surface are 

occupied, the fraction of the double hydrogen bonded molecules (i.e., the ones forming the 

energetic first layer) and that of the non hydrogen bonded ones (forming the energetic second 

layer) are roughly equal to each other. This finding also explains the fact that the density peak 

of the first (geometric) layer in state MeF4 is much smaller than in the condensed state MeF5, 

i.e., when it is fully saturated (see Fig. 5), even if, according to the adsorption isotherm (Fig. 3) 

the first (energetic) layer is already saturated in state MeF4. 
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 The P( lat
bU ) distribution of CH2F2, (Fig. 7.b) is bimodal in state MeF1, having a small 

peak around -10 kJ/mol besides the trivial peak of the isolated molecules at zero energy. In 

state MeF2 the distribution has its peaks at the same positions, only their heights, reflecting 

their relative importance is changed. This suggests that the -10 kJ/mol energy corresponding to 

the position of the first peak is likely the interaction energy of an adsorbed dimer of CH2F2 

molecules. This energy is surprisingly low, being about twice as low as the same dimer energy 

of CH3F and CHF3, and also about twice as low as what was previously found for CH2F2 using 

the JM potential model. [!19] With increasing surface coverage, the zero energy peak of 

P( lat
bU ) rapidly vanishes (although it is still noticeable in state MeF4), and the other peak 

progressively shifts to lower energy values. Although its position is around -25 kJ/mol in state 

MeF4 (when even the first geometric layer is far from being saturated), it shifts down to about 

-65 kJ/mol, and the distribution extends down to about -100 kJ/mol in state MeF5. Considering 

the fact that the position of this peak reflects the cohesion in the liquid phase, this finding is 

rather surprising, as this energy is again twice as deep as for CH3F and CHF3 as well as even 

for the JM model of CH2F2, [!19] and is comparable with that of hydrogen bonding liquids. 

[!24,46,47] 

 In the case of CHF3, the P( ice
bU ) distribution (Fig. 7.c) is unimodal, located around the 

ice
bU  value of  about-30 kJ/mol in states FF1 and FF2, and becomes bimodal, developing a 

second peak above -10 kJ/mol in states of higher surface coverages. This finding indicates that 

even isolated CHF3 molecules do not form more than one hydrogen bonds with the surface 

waters, even if their preferred surface alignments would allow the formation of two or three 

such hydrogen bonds (see Fig. 6.c and the corresponding discussion). Also, similarly to CH2F2, 

once the hydrogen bonding positions at the ice surface are all occupied, a second layer, in an 

energetic sense, is formed still in contact with the ice phase. The P( lat
bU ) distributions in states 

FF1 and FF2 are characterized by the large trivial peak of the isolated molecules at zero 

energy, and a shoulder, corresponding to the adsorbed dimers, around -5 kJ/mol. With 

increasing surface coverages the zero energy peak vanishes, and the other peak progressively 

shifts to lower energies, being around -30 kJ/mol in the condensed state of FF5.  
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 The distributions of the total binding energy, P(Ub), coincides roughly with P( ice
bU ) in 

the lowest surface coverage states, when the P( lat
bU ) distribution is dominated by the zero 

energy peak, as in such cases practically the entire binding energy comes from the interaction 

with the ice phase. With increasing surface coverages, the P(Ub) distribution progressively 

shifts to lower energies in every case, indicating that the increasing lateral interaction between 

the adsorbed molecules clearly overcompensates the weakening of their interaction with the ice 

phase due to their increasing competition in every case. 

 

4. Discussion and Summary 

 

 In this paper, we presented a detailed analysis of the adsorption of various fluorinated 

methane derivatives, described by the general chemical formula of CHnF4-n, at the surface of Ih 

ice under tropospheric conditions. The behavior of the adsorbate molecules having a net dipole 

moment (i.e., CH3F, CH2F2 and CHF3) turned out to be markedly different from that of the 

tetrahedral, apolar molecules, i.e., CH4 and CF4. These latter molecules, having their critical 

point close to, or even below the simulation temperature of 200 K, form a dense vapor or gas 

phase at low chemical potential values, thus, the number of molecules being adsorbed at the ice 

surface and that being in the vapor/gas phase are comparable with each other. The calculation 

of the surface excess revealed that these molecules adsorb rather weakly at the polar ice 

surface, in a good agreement with experimental observations [!13,66]. 

 The partially fluorinated methane derivatives, on the other hand, exhibit multilayer 

adsorption. The adsorbed molecules are stabilized by various different hydrogen bonding 

schemes at the ice surface. Thus, CH3F forms several weak, C-H….O type hydrogen bonds with 

surface waters, the mean number of such hydrogen bonds per adsorbate being close to 2 even 

when the first layer is saturated. Clearly, the possibility of multiple hydrogen bond formation 

overcompensates here the relative weakness of the C-H donated hydrogen bonds. CH2F2 and 

CHF3, on the other hand, forms strong, O-H donated O-H….F type hydrogen bonds with the 

surface waters, the number of such hydrogen bonds per adsorbate molecule being 2 for CH2F2 

and 1 for CHF3. For these adsorbates, the saturation of the hydrogen bonding positions does 

not coincide with the full coverage of the ice surface, instead, the ice surface can host also non 
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hydrogen bonded adsorbate molecules in a quantity that is comparable with that of the 

hydrogen bonded ones. Thus, these non hydrogen bonded contact molecules form a second 

layer in terms of adsorption energy, while in a geometric sense they are still part of the first 

molecular layer. It is also clear that for these molecules, having less H and more F atoms than 

CH3F, the formation of a fewer but stronger O-H donated hydrogen bonds proved to be 

advantageous over the formation of weak, C-H donated hydrogen bonds, as the number of this 

latter type of hydrogen bonds they can form is not enough to compensate their relative 

weakness.  

 The fact that recently we performed a similar study of the adsorption of CH2F2 on ice, 

[!19] but using a different potential model [!53] allows us now to address the force field 

dependence of the results. In a qualitative sense both studies led to similar conclusions, 

however, there are strong differences in their details. Thus, both studies revealed multilayer 

adsorption, however, the multilayer character turned out to be much stronger using the JM 

model than in the present study. In both cases, orientations IMeF and IIMeF turned out to be 

preferred at the ice surface, however, their relative strengths are rather different as obtained 

with the two potential models. The <N>() adsorption isotherm is found here to be shifted to 

about 20 kJ/mol lower chemical potential values with respect to what was obtained with the JM 

model (see Fig. 1 of this paper and Fig. 1 of Ref. [!19]). Further, the lateral binding energy 

distributions were also found at considerably lower energies in the present study than in that 

with the JM model.  

 The vast majority of these differences can be traced back to the different strength of the 

CH2F2 - CH2F2 interaction with the two models. Clearly, the adsorption behavior is always the 

result of the interplay between adhesive and cohesive forces, i.e., that of the adsorbate-

adsorbent and adsorbate-adsorbate interactions. Too strong lateral interactions, i.e., the 

dominance of cohesion over adhesion leads to condensation of the adsorbate before the 

formation of a more or less saturated adsorption layer can occur, while the opposite situation 

leads to a monolayer that is stable in a broad range of chemical potentials. The comparison of 

the two sets of results show that the Palmer-Anchell model exhibits much stronger cohesion, 

i.e., CH2F2 - CH2F2 attraction than the JM model. This difference is reflected in the 

aforementioned shift of the adsorption isotherm as well as of the binding energy distribution, 

the considerably deeper interaction energy of the adsorbed dimers (see sec. 3.3), and even in 
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the weaker multilayer character of the adsorption, as the possible formation and building up of 

the outer molecular layers is preceded here by the condensation of CH2F2.  

 There are several points that suggest that in this respect the JM model performs 

considerably better than the Palmer-Anchell one. First, all the energy-related values (i.e., mean 

binding energy in a condensed system, energy of the adsorbed dimer, chemical potential of 

condensation) obtained with the JM model are comparable with the similar values obtained for 

CH3F and CHF3, while those obtained with the Palmer-Anchell model are much deeper. One 

can expect similar values for adsorbates of such a large chemical similarity; however, the 

values obtained with the Palmer-Anchell model are in the order of those obtained previously 

for various hydrogen bonding adsorbates. [!21,22,24,46,47] Second, the Palmer-Anchell model 

seems to seriously underestimate the melting point of CH2F2 (see sec. 3.2), which can well be 

another sign of the inaccurate description of the cohesive forces. Finally, and most importantly, 

the JM model was parameterized to reproduce the bulk liquid phase properties of CH2F2 in the 

temperature range of about 150 – 220 K, [!53] and thus it is expected to account accurately for 

the cohesion of the system, while the Palmer-Anchell model was parameterized considering the 

properties of the isolated CH2F2 dimer, and its performance is tested in simulations performed 

at 298 K. [!49] Thus, it is not granted that the Palmer-Anchell model of CH2F2 accounts well 

for the collective interaction in a condensed phase, in particular, at low temperature, which is 

responsible for cohesion. Furthermore, as it was recently shown by Malaspina et al. on the 

example of water, [!67] the energy scale in simple models is not necessarily correct over an 

extended temperature range, therefore, even if this model provides reasonable results at room 

temperature, it might well fail at the tropospheric temperature of 200 K. This conclusion is well 

supported by the fact that while the JM model captures well the experimental values of the 

potential energy and density of liquid CH2F2 at low temperature (i.e., -18.03 kJ/mol and 

1.215 g/cm3, respectively, at 221.5 K, see Table 2 of Ref. [!53]), the Palmer-Anchell model 

seriously overestimates the magnitude of both (see Table 4). For these reasons, we think that 

our previous results on the adsorption of CH2F2, [!19] obtained using the JM model [!53] of 

CH2F2 are more reliable than the present ones whenever they differ substantially.  

 From a more general, atmospheric point of view, many HFC species are long lived 

greenhouses gases that are suspected to play an increasing role on climate change and 

atmospheric chemistry. It is thus of fundamental importance to better know their potential 
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atmospheric sinks in order to better estimate their partitioning in the atmosphere. The present 

results show that the partially fluorinated methane derivatives may stick to the ice surface at 

low temperatures typical of the upper troposphere/lower stratosphere, and thus, ice particles of 

cirrus clouds may retain significant fractions of such molecules. In the same way, the large 

density areas of snowpack may enhance their partitioning values in the coldest zones of the 

Arctic boundary layer, as it was already suggested previously for trifluoroethanol. [!9]  

 Another potentially important finding, being in agreement with former IR spectroscopy 

results [!11] is that, at submonolayer coverage, at least one of the fluorine atoms of these 

molecules is pointing (more or less) towards the gas phase, which makes it easily accessible for 

further reactions with gas phase species or releasable upon photodissociation processes. 

Similar conclusion has also been suggested recently for partially chlorinated and brominated 

methane derivatives at the ice surface, on the basis of molecular dynamics calculations at low 

temperature. [!16]  

 To conclude, the present results, together with those of recent studies [!9,16,19] show 

that taking adsorption processes on atmospheric ice into account seems to be of great 

importance for achieving a better quantification of both the HFC scavenging (and thus their 

atmospheric lifetime) and the release of HFC photoproducts in cirrus clouds and snow. 

 

 

 Supporting Information. Numerical data of the adsorption isotherms obtained, and 

carbon-carbon radial distribution function of the adsorbate models in their neat bulk fluid phase 

at 200 K. 
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Tables 
 

Table 1. Physical Characteristics of the Adsorbates Considereda 

Compound Dipole 
moment (D)b 

Melting 
temperature (K) 

Boiling 
temperature (K) 

Critical 
temperature (K) 

CH4 0 90.8 111.6 190.6 

CH3F 2.37 131.4 194.8 317.9 

CH2F2 2.27 137.2 221.5 351.7 

CHF3 2.02 118.0 191.1 299.4 

CF4 0 89.6 145.1 227.7 

aData taken from Ref. [!48]   bValues corresponding to the molecular models used 
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Table 2. Interaction Parameters of the Molecular Models Used 

Molecule Site /Å /kJ mol-1 q/e 

C 3.200 1.0467 -0.416 
CH4

a
 

H 2.625 0.0230  0.104 

     C 3.910 0.1294  0.339 

H 2.311 0.0758 -0.003 CH3Fa 

F 2.360 1.9134 -0.330 

     C 2.628 3.4122  0.050 

H - -  0.155 CH2F2
a 

F 2.809 0.5192 -0.180 

     C 3.158 2.2567  0.651 

H - -  0.048 CHF3
a 

F 3.116 0.1432 -0.233 

     C 4.505 0.0720  0.716 
CF4

a
 

F 2.773 0.4517 -0.179 

     O 3.120 0.6699  0.000 

H - -  0.241 waterb 

Lc - - -0.241 
aRef. [!49]  bTIP5P model, Ref. [!50]  cNon-atomic interaction site 
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Table 3. Geometry Parameters of the Potential Models Used  

 

molecule bond bond length (Å) angle bond angle (deg) 

C-H 1.086   
CH4 

  H-C-H 109.47 

     
C-H 1.090   

C-F 1.407   CH3F 

  H-C-F 108.05 

     
C-H 1.089   

C-F 1.375   

  H-C-H 114.48 
CH2F2 

  F-C-F 108.42 

     
 C-H 1.088   

C-F 1.351   
CHF3 

  H-C-F 110.58 

     
C-F 1.335   

CF4 
  F-C-F 109.47 

     
 O-H 0.957   

O-L 0.700   
H2O 

  H-O-H 104.50 

   L-O-L 110.70 
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Table 4. Fluid Phase Properties of the Adsorbate Models Used, As Obtained from 

Molecular Dynamics Simulations at 200 K. Values in Parentheses Correspond to the 

Jedlovszky-Mezei Model (Ref. [!53]) of CH2F2. 

 CH4 CH3F CH2F2 CHF3 CF4 

D/nm2ps-1 11.6 4.23×10-3 
1.87×10-4 

(2.95×10-3) 
1.56×10-3 4.51×10-3 

/g cm-3 1.07×10-3 0.92 2.18 (1.28) 1.65 1.32 

U/kJ mol-1 -1.76×10-2 -16.06 -47.40 (-17.85) -22.01 -9.63 
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Figure Legend 
 

Figure 1. Number of adsorbate molecules in the basic simulation box as a function of their 

chemical potential, as obtained from our simulations. CH4: green up triangles, CH3F: red 

circles, CH2F2: black squares, CHF3: blue down triangles, CF4: orange diamonds. The lines 

connecting the points are just guides to the eye. The arrows indicate the systems that are used 

for detailed analyses (see the text).  

 

Figure 2. Molecular number density profile of CH4 (top panel) and CF4 (bottom panel) along 

the surface normal axis, X, as obtained from our simulations with 5-5 selected chemical 

potential values. The thick dashed black lines show the water number density profile close to 

the ice surface, for reference. The insets show the adsorbate density profiles in the middle of 

the vapor/gas phase on a magnified scale. All profiles shown are averaged over the two ice 

surfaces present in the basic simulation box. 

 

Figure 3. Adsorption isotherms of the five adsorbates considered, shown in the conventional 

surface excess vs. relative pressure form. CH4: green up triangles, CH3F: red circles, CH2F2: 

black squares, CHF3: blue down triangles, CF4: orange diamonds. The lines connecting the 

points are just guides to the eye. The dashed lines show the Langmuir isotherms fitted to the 

low pressure part of the CH3F (red), CH2F2 (black), and CHF3 (blue) data.  

 

Figure 4. Instantaneous equilibrium snapshots of 3-3 systems containing (a) CH3F, (b) CH2F2, 

and (c) CHF3 molecules as adsorbates, as obtained from our simulations. The snapshots show 

the upper leaflet of the systems, from side view. O, H, and F atoms are shown by red, grey, and 

yellow balls, respectively. Top panels show systems with relatively low surface coverage (i.e., 

MF2, MeF2, and FF2), middle panels show systems just below the point of condensation (i.e., 

MF4, MeF4, and FF4), while bottom panels show systems containing condensed phase of the 

adsorbate (i.e., MF5, MeF5, and FF5). 
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Figure 5. Molecular number density profile of CH3F (top panel), CH2F2 (middle panel) and 

CHF3 (bottom panel) along the surface normal axis, X, as obtained from our simulations of 

systems MF1, MeF1 and FF1 (solid red lines), MF2, MeF2 and FF2 (dashed green lines), MF3, 

MeF3 and FF3 (dash-dotted blue lines), MF4, MeF4 and FF4 (dash-dot-dotted orange lines), 

and MF5, MeF5 and FF5 (magenta circles). The thick dashed black lines show the water 

number density profile close to the ice surface, for reference. The dotted vertical lines mark the 

boundary of the first molecular layer. The inset shows the water number density profile in the 

entire ice phase of system MF1. All profiles shown are averaged over the two ice surfaces 

present in the basic simulation box. 

 

Figure 6. Orientational maps of (a) CH3F, (b) CH2F2, and (c) CHF3 molecules, located in the 

first molecular layer at the ice surface, as obtained at various chemical potential values (top 

part of the panels). Lighter shades of grey correspond to higher probabilities. The figure also 

shows the definition of the local Cartesian frames fixed to the individual CH3F, CH2F2, and 

CHF3 molecules and of the polar angles  and  (bottom left part of the panels), and also the 

preferred orientations of the adsorbed molecules and their possible hydrogen bonding patterns 

with surface waters, aligned in one of their four preferred orientations (Ref. [!20]) (bottom 

right part of the panels). X is the surface normal vector, pointing from the ice to the adsorbate 

phase. Color coding of the atoms is the same as in Fig. 4.  

 

Figure 7. Distribution of the total binding energy (i.e., interaction energy with the rest of the 

system, bottom panels) of an adsorbed molecule belonging to the first molecular layer at the 

ice surface, and of its contributions coming from the interaction with the other adsorbed 

molecules (middle panels) and with the ice phase (top panels), as obtained for the adsorption of 

(a) CH3F, (b) CH2F2, and (c) CHF3 in systems MF1, MeF1 and FF1 (solid red lines), MF2, 

MeF2 and FF2 (dashed green lines), MF3, MeF3 and FF3 (dash-dotted blue lines), MF4, MeF4 

and FF4 (dash-dot-dotted orange lines), and MF5, MeF5 and FF5 (magenta circles). 
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Figure 1 

Sumi et al. 
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Figure 2 

Sumi et al. 
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Figure 3 

Sumi et al. 
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Figure 4.a 

Sumi et al. 
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Figure 4.b 

Sumi et al. 
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Figure 4.c 

Sumi et al. 
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Figure 5 

Sumi et al. 
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Figure 6.a 

Sumi et al. 
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Figure 6.b 

Sumi et al. 
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Figure 6.c 

Sumi et al. 
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Figure 7.a 

Sumi et al. 
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Figure 7.b 

Sumi et al. 
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Figure 7.c 

Sumi et al. 
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