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Abstract:

The adsorption of two halogenated methane derivatives, namely methylene fluoride and
methylene chloride at the surface of I, ice is studied by grand canonical Monte Carlo
simulations under tropospheric conditions. The adsorption isotherms of the two molecules,
differing only in the halogen atom type, are found to be markedly different from each other.
Thus, while methylene fluoride exhibits multilayer adsorption, and its adsorption isotherm
belongs to class Il according to the IUPAC convention, methylene chloride does not show
considerable adsorption at the ice surface, as its condensation well precedes the saturation of
even the first adsorbed molecular layer. Interestingly, both the surface orientation and the
binding energy of the two types of adsorbed molecules are rather similar to each other; first
layer molecules form one single hydrogen bond with the dangling OH groups of the ice
surface. The strong differences in the adsorption behavior of methylene fluoride and methylene
chloride are traced back to the different cohesion in the liquid phase, and hence to the strongly

different boiling point of the two molecules.



1. Introduction

The study of interactions between trace gases and ice surfaces has been of increasing
interest in recent decades since the recognition of the crucial role that ice surfaces can play in
catalytic ozone destruction resulting from halogen activation in the polar stratosphere® and,
more recently, in partitioning organic compounds from gas to ice phases in the troposphere.? In
addition, these interactions play a key role in possible scavenging of organic compounds, and,
more generally, atmospheric pollutant molecules by falling snow.® Moreover, recent evidence
has also shown that sequestration of persistent organic pollutants in all snow-covered regions
of the globe can have a significant influence on the overlying atmosphere.*>

As mentioned above, ice-halogen chemistry was first explored for its implication into
the formation of the Antarctic ozone hole, a phenomenon in which the majority of ozone
within the polar stratospheric vortex is depleted annually for months at a time." It has thus been
shown that halogens released from ice particles interacting with long-lived anthropogenic
substances, such as chlorofluorocarbons (CFCs) in Polar Stratospheric Clouds (PSCs) are the
principal cause for subsequent chemical reactions leading to ozone consumption. As a
consequence, since 1987 and the signature of the Montreal Protocol by developed and
developing countries, the global production and use of CFCs and halons have decreased
significantly, being progressively replaced first by hydrochlorofluorocarbons (HCFCs)
considered as “transitional substitutes” and, in a second step, by hydrofluorocarbons (HFCs).°®
Indeed, like CFCs, these compounds are good refrigerants and can be used as aerosol
propellants because of their low flammability.” However, if HFCs do not harm the ozone layer
like the compounds they replace, they are now suspected to contribute to global warming and,
because their atmospheric concentrations are rapidly increasing, their contribution to
anthropogenic greenhouse gas emissions is causing international concern about their radiative
forcing.®*

Moreover, because of their gas phase chemical properties, HFCs are long-lived (from
tens of months to tens of years) halogen substances in the atmosphere,™ and it is thus important
to know whether they can be scavenged or not from the gas phase, for instance by dissolution
into water droplets or trapping at the surface of ice particles. Surprisingly, the interaction of

such molecules with ice surfaces has not been much studied in the literature and we are aware



of only a very small number of related papers. Thus, Holmes and Sodeau studied the
interaction between a series of twenty-three halogenocarbon compounds and water-ice at 12
K by using infrared (IR) spectroscopy measurements.’* 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. Interestingly, however, they also evidenced that the
corresponding H-dangling bond IR shift strongly depends on the nature of the halogenocarbon
molecule. On the other hand, Vysokikh et al. focused on the interaction of ozone with
chlorinated methane derivatives adsorbed on a thin ice film over the temperature range of
77-292 K, and confirmed that these compounds are not potential ozone layer destroying agents
because they cannot dissociate on ice and release chlorine, at least up to 220 K.*2

Experimental investigations of the problem can be very well complemented by
computer simulation studies, since in a computer simulation a detailed, atomistic level insight
is obtained into the three dimensional structure of the appropriately chosen model of the
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system of interest. In this respect, grand canonical Monte Carlo (GCMC) simulations
particular importance. Namely, in a GCMC simulation the chemical potential rather than the
number of molecules of a given compound is fixed in the basic simulation box. Thus,
performing a set of GCMC simulations in which the chemical potential of the adsorbate
molecules is systematically varied, the number of the adsorbed molecules per surface unit vs.
the chemical potential, i.e., the adsorption isotherm can easily be determined from extremely
low pressures up to the point of condensation. Indeed, the GCMC method has been
successfully applied to calculate the adsorption isotherms of water and other small molecules at
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various different solid surfaces, such as at carbonaceous materials, self-assembled
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monolayers, covalent organic frameworks, protein crystals,”® metal oxides,
zeolites,*** kaolinite,**™** and ice.*>® Further, besides the adsorption isotherms themselves,
the structure and energetics of the adsorption layer can also be analyzed in detail in such
simulations. However, we are not aware of any simulation or other theoretical studies (e.g., ab
initio calculations) of the adsorption of halogenocarbon molecules at the surface of ice.
Considering both of the aforementioned experimentally observed features, i.e., non-
dissociative adsorption of halogenocarbon compounds on ice at temperatures typical of the
lower stratosphere/upper troposphere regions,™ and differences in the interactions between ice

and different halomethanes,*? and also the lack of theoretical investigations on these systems,



here we perform a detailed investigation of the adsorption behavior of two different
halogenocarbon molecules, namely methylene fluoride (CH,F;) and methylene chloride
(CH.CIy) at the surface of I, ice under tropospheric conditions by performing GCMC
simulations. The two molecules considered differ only in the type of the halogen atoms (i.e., F
vs. Cl). 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.

2. Computer Simulations

The adsorption of methylene fluoride and methylene chloride at the (0001) surface of
hexagonal (I) ice has been investigated by performing a set of Monte Carlo simulations on the
grand canonical («V,T) ensemble, in which the chemical potential of the adsorbate, u, has
been systematically varied, and the average number of the adsorbed molecules, <N>, has been
determined as a function of x The simulations have been performed at the tropospheric
temperature of 200 K. The X, Y and Z edges of the basic simulation box have been 100.0,
38.891, and 35.926 A long, respectively, X being the surface normal axis. The ice phase has
consisted of 2880 water molecules, arranged in 18 molecular layers along the surface normal
axis, X. The chemical potential of methylene fluoride and methylene chloride has been varied
in the ranges from -45.13 to -25.18 kJ/mol, and from -46.36 to -30.56 kJ/mol, respectively.
These chemical potential ranges cover the range of systems from those containing practically
no adsorbate molecules to those when the simulation box is completely filled. The chemical
potential values of methylene fluoride and methylene chloride used in the simulations are
summarized in Tables 1 and 2, respectively.

Methylene fluoride has been described by the five site potential model of Jedlovszky
and Mezei,”* whereas for methylene chloride the five site model of Ferrario and Evans™ has
been used, with the geometry parameters proposed by Kneller and Geiger.>® Water molecules
have been described by the five-site TIP5P potential model.>” The choice of this water model
has been dictated by the fact that it reproduces the melting point of I, ice very accurately,



within a few Kelvin.*®*® All potential models have been rigid; the interaction energy of a
molecule pair has been calculated as the sum of the Lennard-Jones and charge-charge Coulomb
contributions of all of their interaction site pairs, and the total potential energy of the system
has been calculated as the sum of the interaction energies of all molecule pairs. The interaction
and geometry parameters of the potential models used are summarized in Tables 3 and 4,
respectively. All interactions have been truncated to zero beyond the center-center cut-off
distance of 12.5 A. In accordance with the original parameterization of the TIP5P model,>” no
long-range correction has been applied. As we showed previously on the example of the
adsorption of acetone on ice, the long-range correction of the electrostatic interaction has a
negligible effect on the adsorption isotherm.*®

The simulations have been performed using the program MMC.% In a Monte Carlo step
either a randomly chosen molecule (water or adsorbate) has been randomly translated by no
more than 0.25 A and randomly rotated around a randomly chosen space-fixed axis by no more
than 15° or an adsorbate molecule has been attempted to be randomly added to or removed
from the system. Water molecules of the two middle layers have not been selected for move.
Particle displacement and insertion/deletion steps have been performed in an alternating order;
insertion and deletion attempts have been done with 50%-50% probabilities. Insertion/deletion
attempts have been performed using the cavity biased algorithm of Mezei,* thus, insertions
have only been attempted into the centers of empty cavities of the radius of at least 2.5 A.
Cavities have been searched for along a 100 x 100 x 100 grid. Insertion/deletion attempts have
been accepted or rejected according to the acceptance rule of the cavity biased method,®®
whereas for the acceptance of the particle displacement steps the standard Metropolis
criterion*®® has been applied. This way, at least 10% of the particle displacement steps and
0.1% of the insertion/deletion attempts have been successful in every case.

The simulations started from the perfect arrangement of the water molecules in the I
ice crystal, having two adsorbate molecules placed randomly in the vapor phase. The ice phase
has been placed in the middle of the basic simulation box along the surface normal axis, X.
Periodic boundary conditions have been applied in all three directions. Due to the periodic
boundary conditions, the basic box has contained two ice-vapor interfaces, at the same distance
from the center of the basic box along axis X in both directions. The systems have been

equilibrated by performing 3-5x10® Monte Carlo steps. The average number of the adsorbed



molecules in the basic box, <N>, has then been calculated over 10° equilibrium sample
configurations. Finally, at selected chemical potential values 2500 sample configurations,

separated by 2x10° Monte Carlo steps each, have been saved for further analyses.
3. Results

3.1. Adsorption Isotherms. The adsorption isotherms obtained from the simulations
are shown in Figure 1 in the form of average number of the adsorbed molecules, <N>, vs. the
adsorbate chemical potential, 4, whereas the corresponding data are collected in Tables 1 and
2. As is seen, the two adsorption isotherms are rather strongly different from each other. Thus,
methylene chloride adsorbs only very weakly, and condensation (i.e., abrupt filling of the
simulation box) occurs at rather low surface coverage, at the chemical potential value of
4 =-35.13 kJ/mol. On the other hand, the adsorption layer of methylene fluoride gets
progressively more saturated with increasing chemical potential, and turns to a sharp increase
around u =-27 kJ/mol. However, the filling of the box occurs much less abruptly than in the
case of methylene chloride, suggesting that the adsorption might well involve several
molecular layers. Therefore, the detection of the point of condensation as the x value at which
the box is filled with methylene fluoride molecules might be subject of systematic error. This
error is due to finite size effect, namely that the two situations when (i) methylene fluoride
condenses, and (ii) the thickness of the adsorption layer gets comparable with the vapor phase
of the basic box cannot be distinguished. Therefore, we detected the point of condensation of
methylene fluoride by performing a set of GCMC simulations without the presence of the ice
phase. Since in this case no adsorption can occur, the chemical potential value corresponding
to the abrupt filling of the simulation box can be unambiguously identified as the point of
condensation.”> This way, the chemical potential value corresponding to the point of
condensation of methylene fluoride resulted in x = -24.43 kJ/mol, indeed well above the point
at which the ice-containing simulation box gets filled. The more than 10 kJ/mol difference in
the chemical potential values corresponding to the condensation of methylene chloride and
methylene fluoride is in a full accordance with the fact that the boiling point of methylene
chloride is much higher, being 313.2 K,* than that of methylene fluoride of 221.5 K.**



According to the shape of the adsorption isotherms, we have selected five chemical
potential values for methylene fluoride, and three chemical potential values for methylene
chloride at which sample configurations have been collected for detailed analysis These state
points, denoted by MeF I, MeF Il, MeF Ill, MeF IV, and MeF V, respectively, and MeCl I,
MeCl Il, and MeCl 1ll, respectively, are indicated in Tables 1 and 2, and also marked by
arrows in Figure 1. Equilibrium snapshots of these systems are shown in Figure 2a-b both in
top and side views.

To further analyze the obtained adsorption isotherms we have converted them to the
more conventional 77 vs. pr form, where 7”is the surface density of the adsorbed molecules,
and pre = p/po is the relative pressure, i.e., the pressure normalized by that of the point of

condensation, po. /"and py are related to <N> and g through the simple relations

F:<N>, (1)
2YZ

and®

Prel = P M , 2
Po  ep(uo/kgT)

where kg is the Boltzmann constant, 4 is the chemical potential value corresponding to the
point of condensation, YZ is the cross section area of the basic simulation box, and the factor of
2 in the denominator of eq. 1 accounts for the two ice surfaces present in the basic box.

The obtained 7 vs. pr adsorption isotherms are presented in Figure 3, and the
corresponding data are also included in Tables 1 and 2. As is seen, the shape of the adsorption
isotherm of methylene fluoride corresponds to class Il isotherms according to the IUPAC
convention. Thus, at low pr values, up to about 0.1 the steepness of the isotherm decreases
gradually. Around this pr value it goes through an inflection point, and further increase of the
pressure leads to an increasing steepness of the isotherm, indicating multilayer adsorption. The

simulated data points can be very well fitted by the formula of the Langmuir isotherm,®*®

Imax Prel K

1+ prelK
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up to the data point at pr =0.052, as is also shown in Figure 3. However, adding more
simulated data points, at higher relative pressures, to the fitting procedure the quality of the fit
gets progressively worse, indicating that outer molecular layers start to be built up above this
pressure. The parameters 7 max and K are the surface density of the saturated monolayer and the
Langmuir partition coefficient, respectively; their values are resulted in /jax = 8.73 umol/m?
and K =237.4, respectively. At larger pr Vvalues, the multilayer adsorption exhibited by
methylene fluoride on ice can rather be described in terms of the Brunauer-Emmett-Teller
(BET) isotherm,®

PreiC

I"=I'mono (1_ Prel )[1+(C —1) Prel ]’

(4)

where mono IS the surface density of the saturated monolayer, and C is the BET coefficient,
related to the energetics of the adsorption. BET isotherms are usually presented by showing

Prei/ 7T1-prel) instead of 7~as a function of pre;:
Prel 1 C-1

= + Prel (5)
F(l— prel) I'monoC  I'monoC ©

since in this form the isotherm is linear, at least up to moderate pye vValues. Considering that the
calculated isotherm exhibits such a linear behavior up to the pr value of about 0.15, we have
fitted the linearized form of the BET isotherm up to this relative pressure value, and obtained
the Immono Value of 9.98 mmol/m?, in a reasonable agreement with the 7.« value determined
from the Langmuir analysis. The fit of the BET isotherm to the simulated data is also shown in
Figure 3.

The 7{prel) isotherm of methylene chloride, on the other hand, rises, within error bars,
nearly linearly in the entire py interval from 0 to 1, being the surface coverage still very low at
the point of condensation (see the inset of Fig. 3). This finding indicates that condensation well
precedes the building up of even the first molecular layer; the nearly linear shape of the
isotherm indicates that the adsorption of the individual molecules is still practically

independent from each other even at the vicinity of the point of condensation.
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3.2. Density Profiles. To characterize the adsorption layer, we have calculated the
density profile of the adsorbed molecules along the surface normal axis, X, at the chemical
potential values where sample configurations had been collected for detailed analyses. The
obtained density profiles, being symmetrized over the two ice surfaces present in the basic box,
are shown in Figure 4. For reference, the water number density profile is also shown.

As is seen, in systems MeF I, MeF I, and MeF Ill the first molecular layer of the
adsorbed molecules is building progressively up. In the system MeF Il some traces of the
second molecular layer are also present, although the first layer is still not fully saturated yet.
In the chemical potential range between systems MeF Il and MeF IV the first layer gets
saturated simultaneously with the continuous building up of the outer layers. In system MeF IV
the first layer is already saturated, and both the second and third layers are visible, both still
being built up. Finally, in system MeF V the simulation box is filled by methylene fluoride
molecules; the density profile shows liquid-like oscillation, and at least five separate
consecutive molecular layers can be distinguished. It should be emphasized that in this system
methylene fluoride is still well below its point of condensation (pre being only 0.235, see Table
1), in spite of the fact that the basic box is already filled.

By contrast, the density profile of methylene chloride exhibits one single small peak,
below the point of condensation, i.e., in systems MeCl | and MeCl Il, in accordance with the
behavior of the adsorption isotherm. In system MeCl Il methylene chloride is already
condensed; the basic box is filled with liquid methylene chloride.

To get a deeper insight into the mechanism of the adsorption, we further analyze the
first layer of the adsorbed molecules in terms of orientation relative to the surface, and binding
energy. For this purpose, however, the outer boundary of the first molecular layer has to be
defined. This can be done through the first minimum position of the density profiles in systems
where more than one molecular layers are present (i.e., systems MeF 1V, MeF V, and system
MeCl 1I1). This way, the outer boundary of the first adsorbed molecular layer is found to be at

X = 35.8 A in the case of methylene fluoride, and X = 36.5 A for methylene chloride.
3.3. Orientation of the Molecules in the First Adsorbed Layer. To get a deeper

insight into the background of adsorption and investigate the possible differences between the

adsorption mechanisms of methylene fluoride and methylene chloride, we have analyzed the
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orientational preferences of the adsorbed molecules belonging to the first molecular layer, i.e.,
being in direct contact with the ice phase, for both adsorbates. The full description of the
orientational statistics of rigid bodies (in our case, adsorbed molecules) relative to an external
direction (in this case, the surface normal axis, X) requires the calculation of the bivariate
distribution of two independent orientational variables.®”®® We have shown that the angular
polar coordinates ¢ and ¢ of the surface normal vector, X, (pointing away from the ice phase
by our convention) in a local Cartesian frame fixed to the individual first layer molecules is a
sufficient choice of such an orientational variable pair.”®® Here we define this local Cartesian
frame in the following way. Its axes x and y are parallel with the lines joining the two hydrogen
and two halogen atoms, respectively, while its axis z is the main symmetry axis of the
molecule, pointing from the bisector of the two H atoms towards that of the two halogen
atoms. Due to the C,, symmetry of the methylene chloride and methylene fluoride molecules,
this frame is always chosen in such a way that the inequality 0° < ¢<90° is satisfied. The
definition of this local frame as well as that of the polar angles $and ¢ is illustrated in Figure
5. It should also be noted that since ¢ is an angle between two general spatial vectors, but ¢ is
formed by two vectors restricted to lay in a given plane (i.e., the xy plane of the local frame) by
definition, uncorrelated orientation of the molecules with the surface results in a uniform
distribution only if cos 9 and ¢ are chosen to be the orientational variables.

The P(cos 4, ¢) orientational maps of the adsorbed methylene fluoride and methylene
chloride molecules are shown in Figure 6 as obtained in the different systems analyzed. As is
seen, the obtained P(cos.9,¢#) maps are rather similar to each other in every case. Thus, all these
maps have two separate peaks, indicating a dual orientational preference of the adsorbed
molecules. The first of these peaks is located around the {cos$=-0.3; ¢=90°} point, whereas
the other peak appears at cos$=-1 and ¢=0° These peaks are denoted here by I and II,
respectively. In the orientation corresponding to peak | one of the halogen atoms of the
adsorbed molecule points straight to the ice phase, while the other halogen and the two
hydrogen atoms point flatly away from it. In this orientation the adsorbed molecule can form
H-bonds with surface water molecules that point one of their H atoms flatly towards the
adsorption layer, as it is in two of the four preferred orientations of the water molecules at the
surface of the ice phase.* In orientation II, the main symmetry axis of the adsorbed molecule

stays perpendicular to the ice surface, the halogen atoms pointing towards, whereas the
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hydrogen atoms away from the ice phase. In this orientation the halogen atoms of the adsorbed
molecule can also participate in a hydrogen bond with a surface water by accepting its dangling
H atom. This finding is in a clear agreement with the experimental result of Holmes and
Sodeau, who observed, by performing IR spectroscopy measurements, that halomethane
molecules adsorbed at the surface of amorphous ice form hydrogen bonds with the surface
water molecules by accepting their dangling H atoms.™ The preferred orientations I an 11 of the
adsorbed molecules are illustrated in Fig. 6, whereas the possible hydrogen bonding
arrangements between the adsorbed molecules and surface waters, both being in one of their

preferred alignments, is illustrated in Figure 7.

3.4. Binding Energy of the Molecules at the Ice Surface. The observed preferred
orientations of the adsorbed molecules allow the formation of several (i.e., up to three in
orientation I, and up to two in orientation I1) hydrogen bonds between an adsorbed molecule
and the surface waters. To further investigate this point and get an insight into the energetic
background of the adsorption, we have calculated the distribution of the total binding energy of
the adsorbed molecules being in contact with the ice phase, Uy, and also that of its separate

contributions coming from the interaction with the ice phase and with the other adsorbed
molecules, Ué"e, and Uk')at, respectively. The binding energy of an adsorbed molecule is the

energy cost of bringing this molecule to an infinite distance from the rest of the system; in
other words, it is the energy of its interaction with the rest of the system. Since the potential

models used in this study are pairwise additive,*°

the Uy, total binding energy can simply be
calculated by summing up the pair interaction energies of the given adsorbed molecule with all

the other molecules in the system. Similarly, Uf)ce and Uéat are the sums of the interaction

energies of this adsorbed molecule with all the water molecules, and with all the other
adsorbed molecules in the system, respectively.

The obtained binding energy distributions are shown in Figure 8a-b. As is seen, the
different distributions obtained for methylene fluoride and methylene chloride are again

surprisingly similar to each other. Thus, at low surface coverages (i.e., in systems MeF I,

MeF Il, MeCl | and MeClI II) the P(Utijce) distribution exhibits one single peak around the
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Uéce value of -27 kJ/mol (in the case of methylene fluoride) and -20 kJ/mol (in the case of

methylene chloride). Considering the fact that the energy of a hydrogen bond is roughly
-20 kJ/mol, this finding clearly indicates that, in spite of the orientational possibility of
multiple hydrogen bonding, adsorbed molecules form only one single hydrogen bond with the
surface waters. This hydrogen bond is considerably stronger in the case of methylene fluoride,
in accordance with the well known experimental fact that the electronegativity of the atoms
(and hence their H-accepting ability) decreases with increasing size within the individual

groups of the periodic table (e.g., from fluorine to chlorine). With increasing surface coverage
this peak of P(Utife) shifts to higher (i.e., smaller in magnitude) energy values, and in systems

where a considerable number of adsorbed (or condensed) molecules are present beyond the
first molecular layer (i.e., systems MeF IV, MeF V and MeCl Ill), the distribution even
exhibits a shoulder at its high energy side. The aforementioned shift reflects the increasing
competition of the adsorbed molecules at the surface, whereas the shoulder is due to a non-
negligible fraction of the first layer molecules that are not forming hydrogen bonds with the ice
phase.

In systems of low surface coverages the P(U t')at) distribution has a large, trivial peak at

zero energy, reflecting the presence of adsorbed molecules that are separated from each other.

With increasing surface coverage this peak becomes lower, another peak occurs at negative
Ut')at values, and it is shifted to lower energies with increasing surface coverage, reflecting the
increasing importance of the lateral interactions. In the system MeF Ill the trivial peak at
U t',at =0 has already completely vanished, in accordance with the fact that the first layer of this

system is already close to be saturated (see Fig. 4), and hence there are no isolated molecules in
the adsorption layer of this system. Finally, in the systems containing several layers of the

adsorbed/condensed molecules the P(U t')at) distribution is of Gaussian shape, being centered at

the Uk')"’lt values of -23 kJ/mol and -40 kJ/mol in the case of methylene fluoride and methylene

chloride, respectively. In these cases the Ut')at binding energy contribution comes from the

entire condensed phase of the adsorbed molecules, and therefore it characterizes the cohesion

of the molecules in the condensed phase rather than the energetics of the adsorption.
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In accordance with the above findings, the distribution of the total binding energy,
P(Uyp), is of Gaussian shape in every case, and these distributions are rather close to each other
in systems having only one molecular layer of adsorbed molecules (i.e., MeF I, MeF Il and
MeF I1l, and MeCl | and MeCl Il), and also in systems consisting of several adsorbed
molecular layers (i.e., MeF IV and MeF V). In the case of the monolayer systems this peak is
centered at -28 kJ/mol (for methylene fluoride) and -21 kJ/mol (for methylene chloride),
whereas in the case of multilayer systems the peak position is around -40 kJ/mol (for
methylene fluoride) and -57 kJ/mol (for methylene chloride).

4. Discussion and Summary

In this paper we have analyzed in detail the adsorption of methylene fluoride and
methylene chloride at the surface of I, ice under tropospheric conditions. Our results have
revealed that the adsorption behavior of these two molecules is markedly different from each
other. Thus, while methylene fluoride adsorbs at the surface of ice in several molecular layers,
its adsorption isotherm being in class Il according to the IUPAC convention, no considerable
adsorption of methylene chloride has been observed up to its point of condensation. From the
fitting of the Langmuir isotherm to the low surface coverage part of the adsorption isotherm the
surface density of the saturated methylene fluoride monolayer turned out to be 8.73 pmol/m?.

The detailed analysis of the orientational maps and binding energy distributions has
revealed the reason behind this markedly different adsorption behavior. Thus, there is only a
little difference between the interaction of the two molecules with the ice phase: both
molecules prefer the same orientations relative to the ice surface, and both of them forms one
single hydrogen bond with the surface waters. This hydrogen bond is somewhat stronger in the
case of methylene fluoride, but this difference can not explain the markedly different
adsorption behavior of the two molecules. A much stronger difference is seen, however, in the
magnitude of the lateral interactions, in particular, in multilayer systems. As it has been pointed
out, this energy reflects the cohesion of the molecules in the condensed phase rather than the
energetics of the adsorption. Since the average lateral binding energy contribution in
condensed methylene chloride is almost twice as large in magnitude as the same value in

methylene fluoride, we can conclude that this difference in the cohesion of the condensed
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phase, reflected also in the markedly different boiling points of the two substances,®* is
responsible for the different adsorption behavior of the two molecules. Namely, methylene
chloride does not adsorb considerably at the surface of ice because, unlike methylene fluoride,
it condenses well before the building up of even the first adsorbed molecular layer.
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Tables

Table 1. Data of the Adsorption Isotherm of Methylene Fluoride on Ice, As Obtained

from the Simulations

2/kJ mol™ <N> p/po ITumol m?
-45.13 0.037 3.92x10° 2.19x10~
-44.30 0.059 6.46x10° 3.51x10
-43.47 0.11 1.06x107° 5.99x103
-42.64 0.19 1.76x107 1.01x10%
-41.81 0.28 2.89x107° 1.66x1072
-40.98 0.49 4.77x10° 2.90%10%
-40.14 0.76 7.87x10° 4.53x10%
-39.31 1.18 1.30x10™ 7.03x10%
-38.48 1.73 2.14x10™ 0.103
-37.65° 2.76 3.53x10™ 0.164
-36.82 4.26 5.81x10™ 0.253
-35.99 7.13 9.59x10™ 0.424
-35.16 10.34 1.58x107° 0.615
-34.32 15.81 2.61x107 0.940
-33.49° 22.01 4.30x107 1.36
-32.66 31.11 7.08x10° 1.85
-31.83 43.72 1.17%10 2.60
-31.00 58.92 1.93x1072 3.50
-30.17 77.92 3.18x107% 4.63
-29.34°¢ 99.58 5.23%10 5.92
-28.50 123.1 8.63x107 7.31
-27.67 157.8 0.142 9.38
-27.51 168.7 0.157 10.0
-27.34 185.7 0.174 11.0
-27.17 222.9 0.192 13.2
-27.01¢ 294.2 0.212 17.5
-26.84° 729.3 0.235 43.3
-26.01 745.9 0.387 44.3
-25.18 764.2 0.638 45.4

system MeF | “system MeF Il °system MeF Il %system MeF IV °system MeF V
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Table 2. Data of the Adsorption Isotherm of Methylene Chloride on Ice. As Obtained

from the Simulations

2/kJ mol™ <N> p/Po ITumol m?
-46.36 0.0045 1.17x10 2.67x10™
-45.53 0.0077 1.93x107® 4.58x10™
-44.70 0.012 3.18x10°3 7.37x10™
-43.86 0.021 5.25x107 1.23x107
-43.03 0.034 8.65x103 2.03x107°
-42.20 0.056 1.43%10 3.35x10®
-41.37 0.088 2.35x1072 5.25x1073
-40.54 0.154 3.88x1072 9.14x107
-39.71 0.256 6.39x1072 1.52x1072
-38.88 0.43 0.105 2.58%10%
-38.04 0.68 0.174 4.06x10%
-37.21 1.16 0.287 6.90x107
-36.38° 2.15 0.473 0.128
-35.55 4.58 0.779 0.272
-35.38 5.13 0.861 0.305
-35.21° 6.37 0.951 0.378
-35.05° 496.3
-34.88 502.3
-34.72 504.3
-33.89 506.7
-33.06 506.2
-32.22 503.6
-31.39 506.3
-30.56 509.9

*system MeCl | °system MeCl Il °system MeCl Il
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Table 3. Interaction Parameters of the Potential Models Used (o, ¢ and g Being the

Lennard-Jones Distance and Energy Parameters, and Fractional Charge, Respectively)

molecule atom o/A &kJ mol gle

C 3.150 0.4539 0.075

CHyF, H 2.170 0.0832 0.075
F 2.975 0.3356 -0.225

@] 3.120 0.6699 0.000

H,O H - - 0.241
L? - - -0.241

C 3.200 0.4240 0.022

CH,CI, H 2.750 1.1141 0.098
Cl 3.350 1.4550 -0.109

®Non-atomic interaction site
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Table 4. Geometry Parameters of the Potential Models Used

molecule bond bond length (A) angle bond angle (deg)
C-H 1.0900
C-F 1.3600
CHyF,
H-C-H 113.61
F-C-F 108.63
C-H 1.0850
C-Cl 1.7670
CHCl,
H-C-H 112.10
CI-C-CI 112.20
O-H 0.9572
O-L 0.7000
H,O
H-O-H 104.50
L-O-L 110.70
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Figure Legend

Figure 1. Adsorption isotherm of methylene fluoride (black) and methylene chloride (red) at
the surface of I ice, as obtained from our simulations. The lines connecting the points are just
guides to the eye. The arrows show the systems that have been used for detailed analyses.

Figure 2. Instantaneous equilibrium snapshots of the adsorption layer of (a) methylene
fluoride, and (b) methylene chloride at the ice surface, as obtained from the simulation of the
systems MeF | (panel a, top row), MeF Il (panel a, second row), MeF 111 (panel a, third row),
MeF IV (panel a, fourth row), MeF V (panel a, bottom row), MeCl | (panel b, top row), MeCl
Il (panel b, middle row), and MeClI 11l (panel b, bottom row) in side view (first columns) and
top view (second columns). H, O, C and F/CI atoms are shown by light grey, red, grey and

yellow colors, respectively.

Figure 3. The adsorption isotherm calculated for methylene fluoride, shown in the
conventional surface density vs. relative pressure form (black circles). The dashed red curve
shows the Langmuir isotherm fitted to the calculated data points up to the p/po value of 0.0523,
whereas the dash-dotted blue curve corresponds to the BET isotherm fitted to the calculated
date points up to the p/py value of 0.15. The inset shows the same isotherm for methylene

chloride. The black solid lines connecting the symbols are just guides to the eye.
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Figure 4. Number density profile of the methylene fluoride (top panel) and methylene chloride
(bottom panel) molecules along the surface normal axis X, for CH,F, at the chemical potential
values of -37.65 kJ/mol (system MeF I, red dash-dot-dotted line), -33.49 kJ/mol (system MeF
I1, green dash-dotted line), -29.34 kJ/mol (system MeF Ill, orange dashed line), -27.01 kJ/mol
(system MeF 1V, magenta short dashed line), and -26.84 kJ/mol (system MeF V, blue open
circles), and for CH,Cl; at the chemical potential values of -36.38 kJ/mol (system MeCl I, red
dash-dot-dotted line), -35.21 kJ/mol (system MeCl II, green dash-dotted line), and
-35.05 kJ/mol (system MeCl Ill, blue open circles). Part of the number density of the water
molecules is also shown (black solid lines). 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 MeF I. All profiles shown are symmetrized over the two ice surfaces present in the

basic simulation box.

Figure 5. Definition of the local Cartesian frame fixed to the individual CH,F, and CH,Cl,
molecules (R stands for F or CI), and of the polar angles $and ¢ of the surface normal axis, X,
pointing, by our convention, from the ice to the vapor phase, in this frame. Color coding of the

atoms is the same as in Fig. 2.

Figure 6. Orientational maps of the methylene fluoride (top row) and methylene chloride
(bottom row) molecules, located in the first molecular layer at the ice surface, as obtained at
various chemical potential values. Lighter shades of grey correspond to higher probabilities.
The preferred orientations of the adsorbed molecules are also illustrated at the bottom of the

Figure. Color coding of the atoms is the same as in Fig. 2.

Figure 7. lllustration of the possible relative arrangements of a first layer adsorbed methylene
fluoride or methylene chloride and a surface water molecule, in which both molecules are in
one of their preferred alignments and they can form a hydrogen bond with each other. The
hydrogen bond between the two molecules is marked by a dashed line. Color coding of the

atoms is the same as in Fig. 2.
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Figure 8. 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) methylene fluoride, and (b) methylene chloride at various chemical potential values.
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