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In this paper, we report Grand Canonical Monte Carlo simulations performed to characterize the adsorption
of four linear alcohol molecules, comprising between 2 and 5 carbon atoms (namely, ethanol, n-propanol,
n-butanol, and n-pentanol) on crystalline ice in a temperature range typical of the Earth’s troposphere.
The adsorption details analysed at 228 K show that, at low coverage of the ice surface, the polar head of
the adsorbed molecules tend to optimize its hydrogen bonding with the surrounding water, whereas the
aliphatic chain lie more or less parallel to the ice surface. With increasing coverage, the lateral interactions
between the adsorbed alcohol molecules lead to the reorientation of the aliphatic chains which tend to become
perpendicular to the surface, the adsorbed molecules pointing thus their terminal methyl group up to the
gas phase. When compared to the experimental data, the simulated and measured isotherms show a very
good agreement, although a small temperature shift between simulations and experiments could be inferred
from simulations at various temperatures. In addition, this agreement appears to be better for ethanol
and n-propanol than for n-butanol and n-pentanol, especially at the highest pressures investigated, pointing
to a possible slight underestimation of the lateral interactions between the largest alcohol molecules by
the interaction potential model used. Nevertheless, the global accuracy of the approach used, as tested
in tropospheric conditions, opens the way for its use in modeling studies also relevant to another (e.g.,

astrophysical) context.

I. INTRODUCTION

To date, dozens of molecular species, comprising up
to 70 atoms for the largest ones, have been detected
or strongly suspected to be present in the interstellar
and circumstellar media by astronomical observations.!
Some of them have also been detected in cold, solid
environments, including water ice, although specific re-
quirements for the corresponding observations often pre-
vented definite conclusions to be drawn on their exact
molecular compositions.?2 Water ice is indeed ubiquitous
in the Universe,? covering, for instance, interstellar and
cometary dust grains, where it is subject to, e.g., cosmic
rays, UV irradiation and thermal reactions.*® It is thus
long supposed that water ice may significantly contribute
to the formation of large molecules via a rich solid-
state chemistry,®7” especially since it has been proven in
laboratory experiments that, under astrophysical condi-
tions, water ice may be an efficient catalyst or chemical
reactant.®® Then, easy release or, on the contrary, long
trapping of these molecules by ice mantles on interstel-
lar grains may impact on their detection in astrophysi-
cal environments. On the other hand, ice is also abun-
dant in the Solar System, not only on Earth, but also
in comets and in various planetary environments, such

a) Electronic mail: sylvain.picaud@univ-fcomte.fr

as Jovian satellites and Saturn’s moons.® In the corre-
sponding thermodynamic conditions, ice may be found
in crystalline or amorphous phases, or even as clathrate
hydrates.239 There, these various forms of ice may also
promote reactive heterogeneous chemistry or influence
the partitioning of molecular species between ice and the
surrounding fluid phase.'% 12

Ice is also abundantly present in the Earth’s atmo-
sphere as snow flakes, hailstones as well as micrometer—
sized particles in high altitude cirrus clouds. It is also
found on the ground, in snowpacks or as sea ice. In
these various conditions, ice surface temperatures may
range from close to zero to as low as —80° C, open-
ing thus the door to different physico-chemical processes.
Thus, it is now well-recognized that ozone depletion in
the stratosphere is promoted by specific chemical reac-
tions that involve halogenated species initially trapped
at the surface of ice nanoparticles in polar stratospheric
clouds.*®. Beside heterogeneous chemistry, incorporation
into the bulk of ice or reversible trapping at its surface
of ionic and molecular species may also have a direct
impact on the lifetime of atmospheric trace gases via
precipitation scavenging, differential release and vertical
redistribution.!* ¥, Similarly, it has been recently in-
ferred that selective trapping on ice may have influenced
the measurements by Cassini of the gas phase abun-
dances of some organic compounds in the geysers that
are erupting from Enceladus’ surface.!?

The common feature of all these processes is that they
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strongly depend on the details of the interaction between
the considered species and the surface of ice, especially
the strength of the binding energy.!® Thus, for years, nu-
merous experimental studies have been devoted to the
characterization of the behavior of various species on ice,
with a special focus on the trapping of volatile (VOC)
and semi-volatile (SVOC) organic compounds under tro-
pospheric conditions.'® Indeed, these species of both bio-
genic and anthropic origins are abundant in the atmo-
sphere, where their photolysis and their reactions with
ozone or OH and NOg radicals contribute significantly to
the production of HOs and ROs, i.e., the radical chem-
istry that may change the fate of the majority of other
trace gases.?’ It thus appeared of primary importance
to quantify in which proportion ice crystals can modify
the atmospheric concentrations of the VOC and SVOC
molecules that are suspected to strongly partition to ice
because they most often contain oxygenated functional
groups that may attach to the ice surface by forming hy-
drogen bonds.

Concomitantly, some of these experimental studies
have been nicely complemented by theoretical investiga-
tions based either on quantum chemistry approaches'® or
on numerical simulations using classical force fields.?! In-
deed, these approaches can give information at the molec-
ular scale on the adsorption process, which may then be
compared with or added to the available experimental
data. Modeling studies can also be performed to char-
acterize the considered systems under specific conditions
that are not easily accessible to the experiments. Among
the various simulation approaches that can be used, the
grand canonical Monte Carlo (GCMC) method??23 has
proven to be particularly suitable to model the interac-
tion between VOCs/SVOCs and ice** 3 since its first
application was devoted to the adsorption of methanol
on ice under tropospheric conditions.?* In particular, the
GCMC method can be used to simulate the adsorption
isotherms by calculating the number of molecules that are
adsorbed at the surface of ice as a function of the chemical
potential or, equivalently, the partial pressure of the gas
species under consideration.?! In addition, thorough sta-
tistical analyses of the data issued from the GCMC simu-
lations can give access to, e.g., the adsorption energy, the
monolayer saturation coverage and the molecular orien-
tations at the ice surface. Moreover, the simulation of the
adsorption isotherms up to the pressure of the saturated
vapor can also be used to check if the adsorption follows
the Langmuir model, an assumption that is usually made
on the basis of experimental data, although experiments
are most often limited to submonolayer coverages.26:27

However, it is worth noting that the results of any sim-
ulation strongly depend on the models and on the corre-
sponding parameters that have been used to calculate the
interaction energies. As a consequence, validating the ac-
curacy of these parameters is a required step before any
definite conclusion can be drawn from the results of the
calculations. This can tentatively be done by comparing,
when possible, the simulated isotherms to those obtained

experimentally under similar conditions.2%2” Thus, in
a previous study, we chose the methanol molecule for
such a comparison, because we could get high-quality,
reproducible experimental data on this system and, con-
comitantly, a well-tested simple potential model for the
methanol-water interactions was available to be used in
the simulations.?* Overall, a fair agreement was found
between simulated and experimental data, although a
slight (about 5 K) temperature shift in the simulation
data was evidenced, because the isotherm calculated at
200 K fell between the experimental isotherms obtained
at 203 and 208 K. This shift was attributed to a slight
underestimation of the strength of the interaction be-
tween water and methanol with respect to that of the
methanol-methanol interaction. It is worth mentioning
that the interaction potential model used in this study
was specifically developed to describe the methanol-water
interaction and, thus, it cannot be used to study larger
alcohol molecules. Such molecules, however, would also
deserve specific attention due to their abundance in the
Earth’s atmosphere** and to their detection almost ev-
erywhere in Space.*®

To properly investigate the behavior of these larger
alcohol molecules at the ice surface, it is necessary to
use suitable interaction models in the simulations, which
combine relative simplicity and good transferability from
one system to another. In this respect, the AUA4 force
field, specially developed for alcohol and polyalcohol
molecules, appears to be a good candidate,* provided
that, in combination with a suitable water potential, it
reproduces accurately enough at least some of the exper-
imental results. In this goal, we benefit here from the
fact that the adsorption behavior of different alcohols on
crystalline ice has been thoroughly investigated experi-
mentally in the temperature range between 213 and 245
K as a function of the molecular size.%” Thus, by perform-
ing here GCMC calculations to simulate the adsorption
isotherms of four linear alcohol molecules (from ethanol
to n-pentanol) on ice, and comparing the corresponding
results to the measured isotherms, we aim at testing the
ability of the AUA4 potential model*® of properly de-
scribing the adsorption of alcohol molecules on ice.

Then, by using experimental results obtained under
conditions that are typical of the Earth’s troposphere
(and that are, as far as we know, the only available set of
experimental data for this series of molecules), we hope to
obtain at least a partial view on the accuracy vs. limita-
tions of the AUA4 interaction model and of its possible
transferability to conditions that would be rather rele-
vant for other, e.g., astrophysical, environments like the
interstellar medium or the atmosphere of Enceladus.

The paper is organized as follows. Technical details of
the simulations are given in section II. The correspond-
ing results are presented and discussed in detail section
III. Finally, the main conclusions of this work are sum-
marized in section IV.
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Il. SIMULATION DETAILS

Here, the adsorption of ethanol (C3HgO), n-
propanol (C3HgO), n-butanol (C4H;00), and n-pentanol
(C5H120) on I, ice?® is investigated by means of GCMC
simulations performed at different temperatures, ranging
from 213 K to 245 K, according to the temperature range
considered experimentally.4”

The rigid TIP4P /ice model is used to represent the
water molecules, because it has been specifically designed
to cope with solid-phase properties of water.* With this
model, the predicted melting temperature of hexagonal
ice (Ih) at 1 bar is around 270 K,** i.e., well above the
temperatures considered in the present study.

The four alcohol molecules considered here are rep-
resented by the flexible AUA4 force field.*® This model
has been chosen because it was specifically developed to
model liquid properties of a large series of alcohols with
transferability to primary alcohols (methanol, ethanol,
propan-1-ol, hexan-1-ol, octan-1-ol), secondary alcohols
(propan-2-ol), tertiary alcohols (2-methylpropan-2-ol),
phenol, and diols (1,2-ethanediol, 1,3-propanediol, 1,5-
pentanediol).*® Moreover, this potential model has been
shown to give convincing results when used to charac-
terize the adsorption of propanol on ice at 236 K under
conditions typical of the environment of Enceladus.*3

Both TIP4P/ice and AUA4 models are parametrized
as sums of pairwise dispersion-repulsion and electrostatic
terms, defined by Lennard-Jones (LJ) and Coulomb in-
teractions, respectively. Interactions between water and
alcohol molecules are thus calculated in a similar way,
using the usual Lorentz-Berthelot combination rules for
the determination of the cross LJ parameters?.

The LJ contributions to the interaction potential are
truncated at a cutoff distance equal to half the smallest
edge length of the simulation box, and long-range correc-
tions have been taken into account.”® The electrostatic
interaction is calculated by using the method of Ewald
summation.?3

A. GCMC simulations

The GCMC simulations are performed in a simulation
box of dimensions L, = 35.926 A x L, = 38.891 A
x L, =100 A, in which an ice crystal has been previ-
ously introduced, which contains 2880 water molecules,
arranged in 18 layers, along the (0001) crystallographic
direction (i.e., the z axis). Note that the values of L, and
L, have been chosen according to the periodicity of the
ice crystal along the x and y axes. By contrast, a large
empty space has been created above and below the ice
crystal, along the z axis, leading to the existence of two
gas/ice interfaces in the simulation box. Periodic bound-
ary conditions are applied along all the three axes of the
simulation box, x,y and z. The same simulation box has
been used for all the temperatures considered here, be-
cause variations of the ice lattice parameters have been

measured to be negligible in this temperature range.>?

All the simulations are performed using the Monte
Carlo general purpose GIBBS software package.?® For
the GCMC simulations, carried out in the grand canon-
ical ensemble, a typical run starts with an equilibration
phase of 2-9x108 Monte Carlo (MC) steps, depending
on the fugacity, followed by a production stage ranging
from 1 to 2x10% MC steps. In these simulations, al-
cohol molecules are considered to be flexible, and five
types of Monte Carlo moves are used, namely insertion,
deletion, translation, rotation and configurational-biased
regrowth (i.e., change of the internal molecular configu-
ration), each of which is performed with the same proba-
bility of 20%. Note that for efficient insertion and partial
regrowth moves, the Gibbs code uses the configurational-
bias Monte Carlo technique associated with a reservoir of
thermodynamically relevant trial internal molecular con-
formations generated beforehand.?!:®® By contrast, the
water molecules of the ice substrate are kept rigid and,
thus, they are only subject to rotation and translation
moves, performed with equal trial probabilities.

It is noteworthy that, instead of the chemical poten-
tial, the GIBBS code allows to work directly with the
fugacity, which is the most convenient way to simulate
adsorption isotherms directly comparable to experimen-
tal data, as far as a reliable conversion from fugacity to
pressure can be achieved.?3 The relation between fugacity
and pressure could be obtained via a classical thermody-
namic model, such as an equation of state, or through
activity coefficients when available. However, this may
not be consistent with the potential model used in the
simulations to calculate the intermolecular interactions.
Instead, it is possible to use a Widom procedure that
relies on test insertions during a preliminary NPT simu-
lation of the fluid phase at the desired pressure.®':53 This
procedure, briefly recalled below, is based on the determi-
nation of the excess chemical potential of inserted species
and, thus, it takes into account, in an adequate fashion,
the force field used in the simulations and the possible
non ideality of the adsorbed species.?*

B. Widom insertion tests

In the Widom procedure, a series of Monte Carlo sim-
ulations in the (N, p,T) ensemble are first performed for
each species under consideration, using a large cubic sim-
ulation box of the size of 3.10* A x 3.10* A x 3.10* A,
consisting of 300 alcohol molecules. In these simulations,
the molecules have been subject not only to translational
and rotational MC moves, but also to internal configu-
ration changes, with trial probabilities of 30% for trans-
lation, 30% for rotation, 35% for configurational-bias re-
growth, and 5% for volume change of the whole system.

Once the system has reached thermodynamic equilib-
rium (i.e., after an equilibration period of 5 x 107 MC
steps, when energy, volume and density do not fluctuate
more than a few tenth of percent around their average
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values), the chemical potential of the alcohol species is
calculated as follows.?® During 108 additional MC steps,
a test alcohol molecule is randomly inserted into the sys-
tem and the excess potential energy AUp1 due to its
addition is calculated. In fact, this operation is similar
to the insertion move in the grand canonical ensemble,
but without actually accepting or rejecting the insertion
of the molecule. The trial probabilities of the MC moves
during this phase are set to 20% for translation, 20% for
rotation, 9% for configurational-bias regrowth, 1% for
volume change, and 50% for test insertion.

The excess chemical potential, pu®”, of the alcohol
species, is calculated then by averaging over 106 MC steps
the energetic contributions of the test molecules accord-
ing to the following equation®:5®

A
u =p—p’ =—kpTln <Vexp (—M>>
kpT {N.p,T}

(1)
with ¥ being the reference chemical potential and V the
fluctuating volume of the simulation box.

The obtained values of u¢® are then easily converted
to fugacity through usual thermodynamic equations®?,
giving thus the correspondence between the fugacity and
the desired pressure. This allows the determination of

the fugacity coefficient, defined as

o=1 @)

which is an indication of the non-ideality of the system
under consideration.

Ill. SIMULATION RESULTS AND DISCUSSIONS

A. Adsorption isotherms of ethanol, n-propanol, n-butanol
and n-pentanol on ice at 228K

Let us first present the results of the GCMC simula-
tions for ethanol, n-propanol, n-butanol, and n-pentanol
molecules, adsorbed on ice I, at 228 K, a temperature
at which experimental results are available for these four
species.*”

The average number (N) of alcohol molecules found in
the basic simulation box is shown in Fig. 1 as a function of
the alcohol fugacity for each species under consideration.
Note that because the alcohol molecules are almost never
found isolated in the vapor phase above the ice surface,
or dissolved in the bulk ice phase, the (N) vs. fugacity
curves actually correspond to adsorption isotherms on
ice.

Overall, the four simulated isotherms exhibit similar
shape. At low fugacity values, a rapid increase of the
number of adsorbed molecules (N) is observed, which
corresponds to the building up of the adsorption layer.

Then, in a broad range of values, the change of the fu-
gacity results only in a small variation of (N}, which is
a strong indication of the formation of a stable mono-
layer of alcohol molecules at the ice surface. Finally, at
higher fugacity values, the isotherm exhibits a sudden
jump at the threshold value f; of the fugacity, which can
be attributed to the 3-dimensional condensation of the
alcohol molecules. As consequence, no more simulations
are performed in this high fugacity range above f.

It is interesting to mention that the fy value decreases
when the size of the alcohol molecule increases, in ac-
cordance with the values of the corresponding saturated
vapor pressures, which are, however, available at higher
temperatures.5®

To study the alcohol adsorption isotherms in the con-
text of the Langmuir theory, which is often used to inter-
pret the experimental data,'® the (V) vs. fugacity curves
are converted to the more conventional ' vs P/ Py form,
where

o V)
2L, L,

(3)

is the surface concentration of the adsorbed molecules,
the factor 2 in the denominator accounting for the pres-
ence of two gas/ice interfaces in the simulation box.
Pressure values are calculated from fugacities using the
Widom Monte Carlo procedure described above. Simi-
larly, Py values (equal to about 45.0, 10.0, 2.0 and 0.3
Pa for ethanol, n-propanol, n-butanol and n-pentanol,
respectively) have been deduced from the fy values di-
rectly measured on the simulated isotherms by using Eq.
2 with the corresponding values of ¢ equal to 1, 0.974,
0.876, and 0.766 for ethanol, n-propanol, n-butanol and
n-pentanol, respectively. Note that the values that are
significantly smaller than unity indicate the large non-
ideality of the corresponding systems, as calculated with
the AUA4 interaction potential used here.

Note that these Py values can, at least qualitatively,
be compared to the corresponding pressures of the satu-
rated vapor, as extrapolated down to 228 K from higher
temperature measurements using the Antoine equation.
Considering two different sets of Antoine coeflicients
avalaible in the literature®%-°7, the experimental values of
Py are estimated to lie in the following ranges : [30.07 —
45.07) Pa , [5.22 — 7.33] Pa, [0.25 — 0.32] Pa and [0.04
— 0.05] Pa, for ethanol, n-propanol, n-butanol and n-
pentanol, respectively. Thus, from the comparison be-
tween the Py values issued from the simulations at 228
K (which strongly depend on the interaction potential
model via the conversion from fugacity to pressure) and
those extrapolated from experiments, it may be inferred
that the interaction potential model used here performs
probably better for ethanol and n-propanol than for n-
butanol and n-pentanol to represent the intermolecular
interactions between these alcohol molecules.

The Langmuir fits of the simulated isotherms are
shown in Fig. 2 for the four alcohol molecules considered
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here. They are based on the following equation :

PrclK

I' =T'nax Pk i1 (4)
where I'j.x denotes the surface density at the saturation
of one adsorption layer on ice, and K is the Langmuir
partitioning coefficient. In this equation, the relative
pressure is defined as P = P/Py. As it can be seen
on Fig. 2, the behavior of, e.g., ethanol on ice at 228 K
can be well represented by the Langmuir isotherm only
up to the relative pressure of about 0.1, i.e., in a pressure
range for which the lateral interactions between the ad-
sorbed molecules are supposed to remain weak, and the
molecules, bound to similar adsorption sites, are more
or less isolated from each other. At higher relative pres-
sure values, the simulated isotherm clearly departs from
the Langmuir behavior. The situation is very similar for
n-propanol, for which the Langmuir behavior seems also
preserved up to P, ~ 0.1, as previously observed at
236 K.*2 For the two other, larger, alcohol molecules, the
Langmuir isotherm cannot be satisfactorily fitted even
below P ~ 0.05. Thus, a detailed analysis of the ad-
sorption layer is required to better characterize the trap-
ping of the four alcohol molecules considered here on ice,
and to explain the non-Langmuir behavior.

B. Properties of the adsorption layers

To investigate more precisely the adsorption behav-
ior of the alcohol molecules considered here, four differ-
ent values of the fugacity have been selected, illustrating
four different typical situations on the ice surface (see
Fig. 1). Thus, System 1 corresponds to a low fugac-
ity value, where only very few isolated molecules are ad-
sorbed at the surface, whereas System 2 is chosen to be
at a fugacity value which likely corresponds to an un-
saturated adsorption monolayer (increasing part of the
isotherm, before the plateau starts in Fig. 1). For Sys-
tem 3, the fugacity value is chosen just below the point
of condensation, while the condensed phase defines Sys-
tem 4. For each situation, configurations are saved every
2 x 10* steps during the production phase of the simula-
tions, thus providing a set of 5-10x10% sample configu-
rations (depending on the number of molecules adsorbed
at the surface) for a detailed statistical analysis of the
adsorbed phase.

1. Density profiles

The number density profiles calculated at 228 K along
the z axis of the simulation box for the four C2-C5 alco-
hols considered here are shown in Fig. 3. In calculating
these profiles, the position of an alcohol molecule has
been represented by that of its center of mass and all
the profiles shown are averaged over the two interfaces

present in the basic box. In addition, the number den-
sity profile for the water molecules of the ice phase is also
given on the same Figure, for reference. Notice that be-
cause these profiles pca(z) are calculated for the centers
of mass of flexible molecules, the larger the molecule, the
wider the peak of the distribution could be due to the
various possible molecular configurations.

As shown in Fig. 3, the number density profile pcn(2)
calculated for System 1 exhibits only one very small
peak, located near the ice surface, for all the four alcohol
molecules considered here. This indicates that only very
few molecules are trapped at the ice surface in this situ-
ation. A similar behavior is obtained for System 2, how-
ever with a larger intensity of the single peak observed
in pom(z), which thus corresponds to a larger number of
adsorbed alcohol molecules on ice, forming a single un-
saturated monolayer at the surface. Upon approaching
the point of condensation (corresponding to the fugac-
ity value fo), this monolayer becomes progressively more
saturated, as evidenced by the gradual increase of the
density peak located at a contact distance from the ice
surface (System 3). Note that this peak also slightly
shifts to larger z values, suggesting a reorientation of the
molecular axes corresponding to a higher position of the
centers of mass, this effect being thus especially more
pronounced for the larger molecules. In addition, pcy(2)
for ethanol clearly exhibits additional broader peaks ex-
tending on the gas phase side, showing thus that traces of
additional layers already occurs for System 3, i.e., at fu-
gacity values slightly below the condensation threshold.
By contrast, the adsorption layer for the larger alcohol
molecules remains mainly monomolecular (i.e., one sin-
gle peak is obtained in pcp(z) for System 3) up to the
3D condensation of the adsorbate. Finally, for the fugac-
ity value corresponding to System 4, condensation has
already occured for each alcohol considered here, as in-
dicated by the large extension of pcy(z) into the whole
volume of the simulation box above the ice surface.

2. Energy profiles

To get insight into the energetic background of the
adsorption process, the distributions of the energy be-
tween one adsorbed alcohol molecule and ice (Uzgs—uw),
and between this alcohol molecule and the other adsorbed
molecules (Uyds—ads) have been calculated at 228 K, and
they are shown in Fig. 4. Note that these distributions
are only given for Systems 1-3, i.e., before condensation
has occurred.

As it can be seen, for System 1, i.e., at very low surface
coverage, the P(Uygs—qw) distribution exhibits a single,
rather broad, peak for each alcohol molecule considered
here. Meanwhile, the corresponding P(Uygs—ads) distri-
butions for ethanol and n-propanol (Fig. 4a and b) are
also characterized by a single peak, located near zero,
which indicates that, in this situation, these molecules
are nearly isolated from each other on the ice surface.



AlP

Publishing

Thus, for these two molecules, the values of the max-
imum of the distribution in Uggs—,, for System 1, i.e.,
—69 and —67.0 kJ.mol™', for ethanol and n-propanol,
respectively, can serve as estimates for the heat of ad-
sorption at infinitely low coverage. Note that these val-
ues agree quite well with the corresponding experimen-
tal estimations of the enthalpy of adsorption (—61.9 +
1.7 and —68.2 kJ.mol™! for ethanol and n-propanol,
respectively).4”

The situation is a bit more complicated for the larger
n-butanol and n-pentanol molecules, because at the low
surface coverage characterizing System 1, the peak lo-
cated near zero in the P(Uygs—qds) distributions is much
wider than for the smaller alcohol molecules, and ex-
tends down to about —20 kJ.mol™' (Fig. 4c and d).
This clearly indicates that the adsorbed n-butanol and
n-pentanol molecules cannot be considered as being iso-
lated from each other on the ice surface even in System
1. Unfortunately, it would not be very relevant, from
a statistical point of view, to investigate lower cover-
ages, because they would correspond to a vanishingly
small number of adsorbed alcohol molecules at the sur-
face. These features thus prevent any rigorous determi-
nation of the heat of adsorption at infinitely low cov-
erage from the present GCMC simulations of n-butanol
and n-pentanol on ice, although the energy values cor-
responding to the maximum of the P(Uggs—y) distribu-
tions for these two molecules, i.e., —71 kJ.mol ', can
compare fairly well with the corresponding experimen-
tal estimations of the enthalpy of adsorption (—67.8+3.8
and —71.54+6.7 kJ.mol™! for n-butanol and n-propanol,
respectively).4”

Considering the fact the the energy of a hydrogen bond
is approximately —25 kJ.mol™' for an ideal hydrogen-
bonding geometry, and usually less in condensed phases,
the above mentioned values indicate that the four alcohol
molecules typically form three hydrogen bonds with the
water molecules at low coverages of the ice surface.

When increasing the surface coverage up to the mono-
layer saturation (i.e., when considering System 3), the
main peak in P(Ugqs—q) shifts toward higher energy val-
ues (typically around —40 kJ.mol '), while the one in
P(Uqds—ads) shifts toward lower values for all the four
alcohol molecules considered here. This indicates a large
increase of the lateral interactions at the expense of the
interaction with ice. Note that this feature becomes even
more pronounced with increasing size of the adsorbed
molecule, the main peak in P(Usgs—qds) being located
around —42, —47, —60 and —64 kJ.mol ' for ethanol,
n-propanol, n-butanol and n-pentanol, respectively. This
could be related to adsorbed configurations in which the
aliphatic chains are oriented perpendicular to the ice sur-
face, as illustrated by the snapshots given in Fig. 3. Also,
for System 3, the P(U,4s—q) distribution exhibits an ad-
ditional peak around —10 kJ mol ™, especially in the
case of ethanol, which can be related to the few molecules
that are already adsorbed above the first layer being in
contact with ice. Meanwhile, the P(U,gs—qds) distribu-

tions exhibit a large and a small peak, rather than a single
one, as for System I. These two peaks could correspond
to different numbers of hydrogen bonds formed between
neighboring alcohol molecules.

3. Orientations

The characterization of the adsorption layer can be
completed by the analysis of the molecular orientations at
the surface of ice. Unfortunately, this is not a trivial task
because the alcohol molecules are flexible in our simula-
tions. Thus, these orientations cannot be unambiguously
described by only two polar coordinates, as usually done
when considering the orientation of rigid bodies relative
to an external direction.®® Rather, we use here three an-
gles, defining the orientations of the molecular axis (61),
the CO vector, pointing from the alcoholic C to the O
atom (), and the OH vector, pointing from the O to the
H atom of the hydroxylic group (63) with respect to the
vector z normal to the gas/ice interface, pointing from
the ice to the gas phase, as in our previous study.*> Note
that because the molecular axis is defined by the C-C
vector pointing from the terminal aliphatic group (CHs)
to the alcoholic one, a value #; = 0 corresponds to a situ-
ation where the molecular axis is oriented perpendicular
to the ice surface, the alcoholic group pointing up to the
gas phase. Similarly, the values 5 = 0 and 03 = 0 cor-
respond to configurations where the CO and OH vectors
are oriented perpendicular to the ice surface.

The orientational distributions are given in Fig. 5 and
Fig. 6, for the smaller (ethanol and n-propanol) and the
larger (n-butanol and n-pentanol) alcohol molecules, re-
spectively.

Overall, for the angle 67, these distributions exhibit
similar behavior for the four alcohol molecules at the very
low surface coverage corresponding to System 1, i.e., a
single, rather broad, peak is obtained with its maximum
in the range of cosf; values between —0.3 and —0.4, cor-
responding to 6; values between 107° and 113° . This
can be related to tilted orientations of the C-C axis in
the adsorption sites, i.e. a situation for which the OH
group is closer to the ice surface than the methyl group.
Note, however, that this single peak in the distribution
P(cosfy) has a rather large full width at half maximum
(FWHM), equal to about 30°, that thus comprises, in
fact, 67 values in the range of [90-135]°, correspond-
ing to configurations of the molecular axes varying from
the strictly parallel alignment to the ice surface to really
tilted ones.

Upon increasing the coverage, System 2 presents the
same characteristics as System 1, whereas for System 3,
the four alcohol molecules reorient at the ice surface as
shown by the shift of the main peak in the P(cosf;) dis-
tributions, to values around —0.94. This reorientation
thus tends to lift up the molecules (6; ~ 160°), keeping,
however, their polar head pointing down to the ice sur-
face. It also clearly appears that some other orientations
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of the molecular axis are allowed, as indicated by the
large extension of the distribution. For instance, a few
adsorbed n-butanol and n-pentanol molecules may stay
almost flat in System 3, as shown by small peak around
cosf; = 0 in Fig. 6.

When looking more precisely at the orientation of the
polar head of these molecules, i.e., when considering the
angles 62 and 63, Fig. 5 and Fig. 6 clearly exhibit similar
behavior for the four alcohol molecules. In each case, a
shift of the cosf; values is observed from —0.9 to between
—0.5 and —0.4 when increasing the coverage from System
1 to System 3, which indicates that the CO vector, ini-
tially pointing toward the ice surface when the adsorbed
molecules are nearly isolated (2 ~ 155°), tend to orient
more parallel to the ice surface at higher coverages. This
reorientation of the CO vector is accompanied by a con-
comitant change in the orientation of the OH vector, as
indicated by the split of the peak observed in P(cosf3)
upon increasing coverage. In fact, all these features can
be attributed to the various possible orientations corre-
sponding to the formation of proton donor and proton ac-
ceptor hydrogens bonds with the surface water molecules
and, as the coverage increases, also with the neighboring
alcohol molecules, as already simulated for methanol on
ice (see Figure 10 of Ref.?* for the illustration of the cor-
responding orientations).

To conclude this section, it appears from these analyses
that the four alcohol molecules considered here exhibit
similar orentational behavior at the ice surface, although
the length of their aliphatic chain seems to impact on
the orientation of the molecular axis, however, without
changing the main features concerning their polar head.

IV. COMPARISON WITH EXPERIMENTS

Experimental measurements of the adsorption
isotherm on ice are available at 228 K for the four
alcohol molecules considered here.*” The measured
values of the surface concentrations I'" as a function of
the pressure have thus been recorded from the original
publication using WebPlotDigitizer®® and are reported
on Fig. 7 together with the corresponding simulated data
at the same temperature (green curves), for comparison.

Overall, the simulated and measured isotherms exhibit
very similar shape for ethanol and n-propanol although,
for these molecules, the experiments have been limited to
the low pressure range. The comparison appears to be a
little bit less satisfactory for n-butanol and n-pentanol,
especially at higher pressures, although it should be no-
ticed that for these molecules the scattering of the ex-
perimental data in the range of [1072 — 1072] Pa does
not allow any definite conclusion to be drawn. Addi-
tional experimental data related to multilayer adsorption
have also been obtained for n-pentanol, above 1072 Pa.*7
However, at these pressure values, simulated data do not
show any evidence either for condensation or multilayer
adsorption, a feature that may be related to the likely

overestimation of the P, value for n-pentanol by the in-
teraction potential model used in the present GCMC cal-
culations, as discussed in a previous sub-section.

In fact, The results given in Fig. 7 at 228 K may ev-
idence a small temperature shift between the simulated
and measured isotherms, as already obtained when mod-
eling the adsorption of methanol on ice.?* Thus, to in-
vestigate this feature, we have performed additional sim-
ulations at various temperatures, above 228 K. The cor-
responding results are given in Fig. 7 for the four al-
cohols molecules considered here (red curves). First, it
clearly appears from the comparison between experimen-
tal and simulated isotherms for ethanol (Fig. 7a) that the
GCMC data obtained at 233 K exhibit an excellent agree-
ment with the experimental results in the whole pressure
range for which such data are available (see the inset in
Fig. 7a). However, because the experimental ice surface
could be not as perfect as in the simulations, we cannot
exclude that such an agreement could be, at least partly,
fortuitous. Nevertheless, taking into account the simu-
lated results at 228 and 233 K, we can conclude that, in
the case of ethanol, the AUA4 potential model used is
accurate enough not to lead to a shift larger than 5 K
with respect to the experimental results.

A similar conclusion can be drawn for n-propanol
(Fig. 7b), considering that the experimental isotherm,
measured at 228 K, is perfectly fitted by the simulated
isotherm at 233 K, at least in the low pressure range
(see the inset in Fig. 7b). At higher pressures, the agree-
ment is a little bit less satisfactory, although the rather
large scattering of the experimental data should again be
pointed out. Thus, as for ethanol, here we can infer that
the accuracy of the AUA4 potential model could lead to
a shift that is likely not larger than 5 K when considering
the adsorption isotherm of n-propanol molecules on ice.

For n-butanol and n-pentanol, the situation appears
to be a little bit more confused. Indeed, while the best
agreement with the experimental isotherms recorded at
228 K is obtained for the simulated ones at 233 K in the
low pressure range (Fig. 7c and Fig. 7d), these simulated
isotherms clearly overestimate the number of adsorbed
molecules at larger pressure values. Thus, simulations
up to 238 K (for n-butanol, see Fig. 7c) or even to 245 K
(for n-pentanol, see Fig. 7d) are required to get a better
agreement with the experiments in this pressure range,
although, as already mentioned above, the pertinence of
the measurements could also be questioned in the high
pressure range for these molecules due to the large scat-
tering of the recorded data (especially for n-pentanol).
Hence, from the present comparison with experimental
data available at 228 K, we can conclude that, for the
larger alcohol molecules, the accuracy of the AUA4 po-
tential model could lead to a shift not larger than 5 K
at low coverages, and of about 10 K at pressures corre-
sponding to the saturation of one monolayer of adsorbed
molecules on ice.

Thus, it is tempting to infer from these comparisons
that the longer the carbon chain is, the less accurate
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is the AUA4 potential model, at least when used for
studying adsorption on ice. However, it is important
to emphasize that this conclusion questions the repre-
sentation of the aliphatic chain rather than that of the
polar head of these alcohol molecules. Indeed, in the
low pressure range (i.e., at low coverages), where the ad-
sorption phenomenon is mainly driven by the interaction
of the polar head of the alcohol molecules with ice, the
simulated isotherms of all the four molecules considered
show excellent agreement with the experimental data,
within an accuracy range of at most 5 K. By contrast,
at larger pressures (i.e., higher coverages), when the in-
teraction between the aliphatic chains of the neighboring
molecules starts to play a non-negligible role (see Fig. 4),
a better agreement with experiments is obtained for the
small than for the large alcohol molecules. It should be
mentioned that the better performance of ethanol and
n-propanol at the highest fugacity values considered here
could, at least in part, also come from a better sampling
of the configurational space, in particular due to easier
insertion of these small molecules into dense media, com-
pared to the larger n-butanol and n-pentanol molecules.

Finally, to complete the present study, experimen-
tal data obtained at temperatures other than 228 K
for ethanol, n-butanol and n-pentanol can also be con-
sidered. Thus, in Fig. 8, all the available measured
isotherms (except that at 228 K) are compared to the
simulated curves, including additional simulation results
obtained at 213 and 221 K. Again, an overall very good
agreement is found for ethanol, irrespective of the tem-
perature, when taking into account a likely shift of no
more than 5 K between simulations and experiments.
The situation is also quite satisfactory when considering
n-butanol, especially in the low pressure range. Indeed,
for this species, the experimental isotherm measured at
213 K falls between the simulated curves at 213 and 221
K. Similarly, the experimental isotherm obtained at 221
K falls between the isotherms simulated at 221 and 228
K, while the one measured at 233 K falls between the
simulated ones at 233 and 238 K. Thus, from these com-
parison, the accuracy of the AUA4 potential model for n-
butanol could be estimated of being below 5 —7 K in the
pressure range corresponding to low surface coverages,
i.e., when the interaction of the alcoholic group with ice
plays the main role in the adsorption process. No such
clear conclusion can be drawn for the larger n-pentanol
molecule considering, on one hand, the large scattering
of the measured data and, on the other hand, the failure
of the present simulations at correctly representing the
experimental isotherms at 221 and 228 K in the pres-
sure range for which multilayer adsorption has been ev-
idenced. However, in the low pressure range, below the
saturation of the monolayer, the simulated isotherms for
n-pentanol exhibit a similar shape than the experimental
ones, when taking into account a temperature shift that
does not exceed 8 — 10 K.

V. CONCLUSIONS

Here, the adsorption of four linear alcohol molecules
on crystalline ice has been characterized by using GCMC
simulations, performed with the transferable AUA4 inter-
action potential model. Various temperatures have been
considered in the simulations, for comparison with the
available experimental data. The results of the simula-
tions turned out to be in very good agreement with the
major features provided by the experimental measure-
ments, especially at low coverage, when the lateral inter-
actions within the adsorbed layer do not play any sig-
nificant role and the adsorption process is mainly driven
by the interaction with the ice substrate, provided that a
small temperature shift between simulations and experi-
ments is taken into account. In this situation, the polar
head of the adsorbed molecules tend to optimize its hy-
drogen bonding with the surrounding water molecules of
the ice substrate, whereas the aliphatic chains lie more
or less parallel to the ice surface. Upon coverage increase
up to saturation, the alcohol-alcohol interactions become
even more important than the alcohol-water ones. Cor-
respondingly, the preferred orientation of the adsorbed
molecules changes from parallel to perpendicular to the
ice surface, their aliphatic methyl group pointing up to
the gas phase. Nevertheless, the polar head of the alco-
hol molecules always remains in close contact with the
ice substrate, irrespective of the pressure, up to the 3D
condensation of the adsorbate. In the low pressure range,
i.e., below saturation of one adsorbed layer on the sur-
face, simulated and measured adsorption isotherms ex-
hibit a noticeable very good agreement, when taking
into account a possible temperature shift of no more
than a few K between experimental and simulated re-
sults. Meanwhile, the comparison between experimental
and simulated isotherms is a little bit less satisfactory
at higher pressures and for the largest n-butanol and n-
pentanol molecules. This feature points out that a pos-
sible weakness of the AUA4 interaction potential is to
accurately describe the long aliphatic chains. This could
be related to an underestimation of the lateral interac-
tions between the large alcohol molecules, as reflected
in the too large values of the simulated pressures of the
saturated vapor with respect to the corresponding exper-
imental values for n-butanol and n-pentanol.

Nevertheless, the observed overall agreement of the
simulated and experimental isotherms confirms the valid-
ity of the numerical model used here. Moreover, the main
conclusions of the present study, concerning the adsorp-
tion energy, the balance between Ugqs—w and Ugds—ads
when the surface coverage increases, the orientations of
the adsorbed molecules as well as the ability of ethanol
molecules to form multiple adsorbed layers before con-
densation occurs, nicely agree with the very recent re-
sults obtained with quantum calculations based on the
fragment molecular orbital method.5® Thus, the present
GCMC approach can be safely used to analyze in de-
tail the properties of adsorption layer on ice and use-
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fully complement the information that are issued from
the measurements. Finally, it is worth noting that the
accuracy of the AUA4 model, especially in the low pres-
sure range, as tested in the present study in tropospheric
conditions, opens the way for its use in modeling studies
also relevant to an astrophysical context where molecular
concentrations are usually low, and for which experimen-
tal measurements are, at present, missing.
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FIG. 1. Average number of (a) ethanol, (b) n-propanol, (c) n-butanol, and (d) n-pentanol molecules in the basic simulation box
as a function of the fugacity (note that the errors bars are smaller than the symbols), as calculated from the present GCMC
simulations at 228 K. The arrows indicate the systems used in the detailed analyses. Lines are only guide to the eye.
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FIG. 3. Number density prole for (a) ethanol, (b) n-propanol, (¢) n-butanol, and (d) n-pentanol centers of mass, in Systems 1
(green circles), 2 (red triangles), 3 (pink squares) and 4 (blue crosses), as obtained from the simulations at 228 K. For reference,
the outer tail of the number density prole of the water centers of mass in System 1 is also given (dashed blue line). In addition,
snapshots issued from the simulations of System 3 are given, to illustrate the adsorption geometry when the alcohol molecules
form a nearly saturated monolayer at the ice surface. In these snapshots, red, white, and black (gray) circles represent oxygen,

hydrogen and carbon (bottom carbon) atoms, respectively. Note that hydrogen atoms of the aliphatic chains are not explicitly
included in the united atom AUA4 potential model and, thus, they are not shown.



(a) ethanol

(b) n-propanol

14

0.06 0.06
/‘? o —
: s :
@ @
"g 0.03 - "g 0.03 - e
= =)
= =
Ay ol
o
o =
0 Op ADAU o] S swn o Do,
—120 —80 —40 0 —120 —80 —40 0
Uads - o (kJ.mol 1) Uads - w (kJ.mol 1)
0.06 0.06 , : , ,
—~ —
< < A
S o S
| |
£0.03 * 4 2003} L E
S . S
= =
S~— ] ~— o
A o b [ o o
o o og o / o
0 - m on & o 0 - 2 L. 0% o
—120 —80 —40 0 —120 —80 —40 0
-1 -1
Uads — ads (kJmol ) Uads — ads (kJmol )
(c) n-butanol (d) n-pentanol
0.06 ; 0.06 T T T
—~ o —
E Bl
\ o I
@« ; ] (
T0.03 - ® 4 T0.03- g
= a =
= =
A o = [al
i {Xb\.g;‘ °
0 al | o =T 0 ol ot L Ot na®y
—120 —80 —40 0 —120 —80 —40 0
Udgs —w (kJ.mol™1) Uds —w (KJ.mol™h)
0.06 T T T 0.06 T T T
—~ —
@« w
< <
S S
| a i
£0.03F J 4 o003} - o
S S .
- ] - P
= o = u
A "% A :((/‘3
=]
o o Ooc0
0 mo® A‘.un‘énin I 0 2887, I ooy
—120 —80 —40 0 —120 —80 —40 0

Publiching

AlP

Uadsfads (kJ'm0171) Uadsfads (kJ~m0171)
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FIG. 5. Distribution of the molecular orientations for ethanol (left) and n-propanol (right) molecules adsorbed on ice, for
Systems 1 (green circles), 2 (red triangles) and 3 (pink squares). Top row: 6; is the angle formed between the C-C vector and
surface normal vector (z); middle row: 6 is the angle formed between the CO vector and z; bottom row, 63 is the angle formed
between the OH vector and z. Inserts show the definition of the various angles considered.
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FIG. 6. Distribution of the molecular orientations for n-butanol (left) and n-pentanol (right) molecules adsorbed on ice, for
Systems 1 (green circles), 2 (red triangles) and 3 (pink squares). Top row: 6; is the angle formed between the the C-C vector
and surface normal vector (z); middle row: 62 is the angle formed between the CO vector and z; bottom row, 03 is the angle

formed between the OH vector and z. Inserts show the definition of the various angles considered.
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FIG. 8. Comparison between the experimental data recorded at various temperatures for (a) ethanol, (b) n-butanol, and (c)

n-pentanol and some of the corresponding simulated adsorption isotherms. Lines are only guide to the eye.
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