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ABSTRACT: Processes involving atmospheric aerosol and cloud particles are affected by ©
condensation of organic compounds that are omnipresent in the atmosphere. On ice
particles, organic compounds with hydrophilic functional groups form hydrogen bonds
with the ice and orient their hydrophobic groups away from the surface. The organic layer
has been expected to constitute a barrier to gas uptake, but recent experimental studies
suggest that the accommodation of water molecules on ice is only weakly affected by
condensed short-chain alcohol layers. Here, we employ molecular dynamics simulations
to study the water interactions with n-butanol covered ice at 200 K and show that the
small effect of the condensed layer is due to efficient diffusion of water molecules along
the surface plane while seeking appropriate sites to penetrate, followed by penetration
driven by the combined attractive forces from butanol OH groups and water molecules within the ice. The water molecules that
penetrate through the n-butanol layer become strongly bonded by approximately three hydrogen bonds at the butanol—ice
interface. The obtained accommodation coefficient (0.81 + 0.03) is in excellent agreement with results from previous
environmental molecular beam experiments, leading to a picture where an adsorbed n-butanol layer does not alter the apparent
accommodation coefficient but dramatically changes the detailed molecular dynamics and kinetics.
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1. INTRODUCTION Small organics (C6 and smaller) are more prevailing in the

Atmospheric droplets and ice particles are often coated with atmosp here than le?rger organ.ics, butlthle formgr ones have
organic compounds,’ which potentially change chemical received less attention for their roles in influencing the mass
.26 ’ . . 7,8 exchange between gas and condensed phases. Among a few
reactivity’ = and condensation and evaporation processes studies, Nathanson and co-workers used a molecular beam
and thereby influence the properties and actions of aerosols and hni ’ d found that a b 1 1 led
clouds.”'® Such interfacial organic layers interrupt the tec e anc foun that a utan9 TONOTEYEr on supercoo’e
) , sulfuric acid solution does not impede the water transport
molecular interactions between water vapor and the water between the gas phase and the aqueous phase."® On the other
surface and may thereby influence water accommf)datlon on ice hand, a molecular dynamics (MD) simulation study reproduced
and Sroplets characterized by mass accommodation coefficient the results for system and found that the monolayer of butanol
(a),"" ie., the ratio of the number of molecules absorbed into

Ot O actually reduced the accommodation coeflicient by a factor of
bulk water to the number of impinging molecules. An 3." The discrepancy between the experimental and theoretical

important factor determining the barrier effect is the size and studies indicates that we do not fully understand the water
the structure of the organic molecules. Fatty acid'*'* and long uptake mechanism. Recently, several environmental molecular
chain alcohol'* molecules form well-ordered monolayers with beam (EMB) studies pointed out that even though the
their carbon tails pointing away from surface, which efficiently apparent water accommodation coefficient on ice with an
repel impinging gas water molecules. As surface density organic coating, e.g., n-butanol or n-hexanol, does not differ
decreases, the long chain molecules tilt" and facilitate the from that of clean ice, the mechanisms of the sorption and mass
penetration of incoming water molecules. Obviously, the exchange may be significantly different.'"*°
permeability of a film or membrane depends on the gap Gas water molecules are efficiently thermalized once they
between alkyl groups, which is also the reason why the presence collide with a clean ice surface,”" but before being incorporated
of unsaturated fatty acids enhance the permeability of cell into a strongly bonded state, the molecules are in a precursor
membranes.'® Previous studies correlated the permeability of
the organic coating with different parameters, such as integrated Received: February 26, 2018
carbon density'” and projected fraction coverage,"’ but such Revised:  May §, 2018
correlations are only valid for organics with similar size. Published: May 9, 2018
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state where about 1—2 hydrogen bonds are formed. These
weakly bound molecules may desorb from an ice surface in
milliseconds around 200 K.*' However, when the ice is covered
by an n-butanol film, a fraction of the impinging water
molecules trap and rapidly desorb while the majority become
more strongly bound and remain on the ice. These two changes
counteract each other, and the apparent bulk accommodation
coefficient (0.82 + 0.09 at 190 K) is interestingly very close to
that of pure ice (0.78 + 0.09 at 190 K).""** A similar effect is
also seen for n-hexanol coated ice.”’ Even though « is similar in
the different cases, it is clear that the desorption kinetics are
completely altered by the existence of the organic film. Thus,
unlike long-chain organics where both the condensation rate
and the evaporation rate are significantly changed,'* and
therefore results in a significantly reduced accommodation
coefficient, small organics allow parts of the incoming water
molecules to penetrate and reach the bulk. However, due to the
apparent minor effects on a, the influence of a film of short-
chain organics has not received as much attention as larger
organics.

To understand the role of condensed organic layers on the
water uptake in greater detail, we here carry out MD
simulations and look into the detailed role of n-butanol. The
goal of this work is to provide a molecular view to complement
previous EMB experiments. The MD simulations were
performed in the conditions of the EMB experiments (200
K), even though this is too low to be representative of the
troposphere. Particularly, in the present study we focused on
the structure of the n-butanol monolayer, the processes of fast
desorptio, and the mechanisms of water penetration through a
butanol monolayer on ice.

2. METHODOLOGY

We employed classical molecular dynamics simulations with
empirical force fields to investigate water accommodation on
butanol-coated ice under the same conditions as previous EMB
experiments.' ">’ A hexagonal ice (Ih) slab with the basal facets
exposed to the vapor phase was prepared as described in
previous studies.””** Briefly, an initial ice crystal configuration
of 2880 TIPSP-EW”* water molecules at 0 K was created using
the proton disordering algorithm of Buch.”® The five-site
TIPSP-EW model has been frequently used in simulation
studies of ice and is capable of reproducing the experimental
melting point of hexagonal ice at ambient pressure.”® The ice
sample had dimensions of about 4.4 nm, 4.6 mm, and 5.4 nm in
the x, y, and z directions, respectively, consisting of 12 bilayers
along the z-direction. Orientation of the z-axis was normal to
the basal plane (0001), while the y-axis was perpendicular to
the primary prismatic (1010) facet. The bulk ice sample was
annealed over the course of a 1.5 ns NPT simulation at zero
pressure linearly increasing the temperature from 0 to 200 K,
followed by another 100 ns at 200 K to allow molecules to fully
relax. Finally, the z-dimension of the simulation box was
enlarged to 15 nm, resulting in an ice slab with two basal facet/
vacuum interfaces in the xy plane.

The n-butanol was modeled by the OPLSAA force field,””**
and all simulations were performed using GROMACS version
4.6.3 in double precision.”” We started with a butanol
monolayer having a surface density of 4 X 10" molecules/
cm? i.e,, 78 butanol molecules on the simulated ice surface area
referring to the calculation results by Chen and co-workers.*
For the convenience of comparing with other studies, the
surface coverage is equivalent to 4 X 10" X 4.4 X 4.6/10"* = 80
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molecules in a 4.4 X 4.6 nm? area, which corresponds to an area
per molecule equal to 26 A2 an area of 6.5 A? per carbon atom,
or a carbon density of 15 carbon atoms per nm®. The butanol
molecules were placed equidistantly (on a hexagonal grid) in
the proximity of the ice surface (OH groups pointing toward
the ice) and the system was equilibrated for 30 ns at 200 K,
which resulted in the formation of an uniform butanol
monolayer on the ice surface; i.e., neither bare ice nor partial
multilayers appeared. All equilibration simulations were
performed in the isochoric—isothermal NVT ensemble with
the canonical sampling-through-velocity-rescaling thermostat
with a coupling constant of 1 ps.*' The equations of motion
were integrated using the leapfrog algorithm with a time step of
1 fs. All bonds were constrained by the LINCS algorithm.™
Three-dimensional periodic boundary conditions were applied.
The short-range electrostatic and van der Waals interactions
were truncated at 0.9 nm, and the long-range electrostatic
interactions were treated using the particle mesh Ewald
method.***

To study gas ugtake processes in an analogous way as in
EMB experiments,”” one water molecule was sent toward each
of the two independent interfaces from about 2.5 nm distance
above (in the z direction) in every simulation. The initial
position of the water molecule in the xy plane was shifted
between simulations with a step of 2 A (400 initial positions for
the entire surface area), in either x or y direction, in order to
randomize the collision sites. In total, 1200 trajectories are
analyzed and presented in the current work. The incident beam
kinetic energy (KE) was set to 0.29 + 0.01 eV (corresponding
to a velocity of 1750 + 27 m/s; a thermal temperature of
~2600 K) with an incident angle of 45°, which is analogous to
previous EMB experimental conditions to facilitate a direct
comparison.l b2

Unlike for the equilibration, the beam simulations were
performed in the NVE ensemble with the time step of 1 fs, with
all other parameters unchanged. 50 ps simulations were initially
run to evaluate the thermalization efficiency of water molecules
on the butanol-coated ice (Figure 3a). Because thermalization
was concluded to be very fast, 5 ps was used in subsequent
simulations (Figure 3b).

3. RESULTS AND DISCUSSION

3.1. Structure Configuration. A snapshot of the ice coated
by n-butanol at 200 K is shown in Figure la, where both
surfaces of the hexagonal ice slab are covered by a monolayer of
n-butanol. Figure 1b shows the density profiles of water oxygen
atoms and butanol atoms along the z axis. The carbon tails of
butanol point away from the ice, while the oxygen atoms are
preferably in contact with the uppermost water layer indicating
hydrogen bond formation between the hydroxyl group of
butanol and water.

The angular distribution of adsorbed butanol molecules is
shown in Figure 2a, where the tilt angle (6) is defined as the
angle between a vector connecting the two extreme carbons,
i.e., the carbon atom bound to the OH group and the endmost
carbon on the other side of the chain, and the z axis that is
normal to the interface (as illustrated in the inset). The sharp
distributions obtained for both interfaces provide evidence for a
well-organized alignment of the chains along the z axis, i.e. all
tilted with respect to the surface normal at about 40° in order
to optimize their interactions with the ice layer through the
hydroxyl group and their lateral interactions, though the
molecules are randomly distributed in the x—y plane.

DOI: 10.1021/acs.jpca.8b01951
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Figure 1. (a) Prismatic side view of the hexagonal ice model with a n-
butanol monolayer at 200 K, where water oxygen is marked in red,
hydrogen in white, butanol oxygen in orange, and carbon in cyan. (b)
Density of water oxygen and butanol atoms along the surface normal
direction, z, sampled over a 100 ns simulation at 200 K. The
pronounced double water oxygen peaks (blue) correspond to the
bilayer structure of the hexagonal ice. The dotted line marks the mid-
plane of the top layer.
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Figure 2. (a) Distribution of tilt angle characterizing the orientation of
the butanol molecules on the ice surface; (b) radial distribution
functions characterizing the bonding between hydrogen or oxygen
atoms on butanol (BOH) and oxygen or hydrogen atoms on water
(ice), respectively.

The radial distribution functions shown in Figure 2b probe
the hydrogen bond formation between butanol and ice, either
with butanol being “hydrogen donor” (H(BOH)—O(ice)) or
with “hydrogen acceptor” (H(ice)~O(BOH)). Both distribu-
tions exhibit a pronounced peak slightly below 0.2 nm,
characteristic of a hydrogen bond distance. As further support
of this bonding arrangement, we calculated the average binding
energies between the different compounds of the system. The
average binding energy between butanol and water is slightly
lower, in absolute value, than the water—water interaction, i.e.,
—45 kJ mol ™" compared to —48 kJ mol™". The magnitude of the
butanol—water interaction is consistent with the formation of
two hydrogen bonds as evidenced from the radial distribution
function. By contrast, the lateral butanol—butanol interaction is
less important, around —20 kJ/mol, attributed to van der Waals
interactions between the chains. From the structural and
energetic analyses we conclude that butanol molecules form
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well-organized layers with the C—C chains adopting similar
orientations along the z direction mainly because of the
formation of strong hydrogen bonds to water molecules. This
organization implies that the hydrophilic functional group of
butanol will not be directly available for incoming gas phase
species. One could expect that a lower surface coverage and
higher temperature may lead to a more disordered organization
of the butanol monolayer at the interface, modifying
significantly the accommodation of incoming water molecules.

3.2. Beam Water Impingements. Hyperthermal H,O
molecules with the velocity of 1750 + 27 m/s were directed
toward the surface at an angle of 45° from the surface normal
direction, in analogy with the conditions used in EMB
experiments.' **" ©73% Results of 100 trajectories are
presented in Figure 3a as examples. The water molecules hit

z (nm)

KE (J)

Figure 3. (a) Time evolution of the z coordinate of 100 impinging
water molecules (rendered are oxygen atoms). (b) Kinetic energy of
trapped water molecules as a function of time. The red line
corresponds to the average value for 100 trajectories, and the dotted
line represents the thermal kinetic energy at the surface temperature of
200 K.

the surface after 1.5—2 ps depending on the local height of the
collision area. A fraction (~20%) of the impinging water
molecules are scattered within a few surface collisions and
depart from the surface. Scattered molecules are often those
directly hitting the outermost part of the carbon tails. In a
control case (not shown) where water molecules with the same
velocities impinged on neat ice with the same surface
temperature, no scattering events were observed. Obviously, a
butanol monolayer lowers the thermal accommodation
coefficient as a result of the hydrophobicity of the alkyl chain.
Within the 50 ps simulation time displayed in Figure 3a only a
minority of the surface accommodated water molecules
desorbs, and the majority moves deeper into the surface layer
region. The quantitative accommodation coefficients based on a
larger sampling size is discussed in section 3.3.

DOI: 10.1021/acs.jpca.8b01951
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Figure 3b shows the kinetic energy (KE) of thermalized amd
trapped water molecules, where the red curve represents the
average value for all trajectories and the black dotted line is the
calculated mean thermal KE of water molecules at 200 K. The
molecules initially have a constant KE until they are attracted
by the surface after approximately 1.5 ps. The subsequent
surface collisions result in a sharp drop in KE due to rapid
energy dissipation. Within a few picoseconds all trapped water
molecules release their excessive KE and become thermalized.
In addition, the ice lattice underneath is also very efficient in
absorbing and dispersing excessive KE from impacting
molecules.”*

3.3. Accommodation Coefficients. The thermal accom-
modation coefficient (a,), defined as the fraction of incident
water molecules completely thermalized on the surface
compared to total number of impinging molecules, is calculated
to be 0.81 + 0.03 based on 1200 trajectories. Owing to the
relative weak interaction between water and butanol carbon
tails, rapid water desorption may take place. Thus, we defined a
strict criterion to distinguish scattered and thermally desorbed
molecules by examining the time that molecules spend with a
KE below the thermal KE before departing from the surface.
That said, the thermalized molecules include molecules that
thermally desorbed within the simulation time, in addition to
the ones that did not depart again. As the sampling interval
time is 0.1 ps, we used the number of sampling times (1) to
quantify the resident time. In an extreme case, where molecules
are classified as thermalized if the residence time is 0.2 ps or
longer (1 = 2) before desorption, the obtained «, is 0.84, which
is an upper limit. By increase of the allowed residence time, the
a; decreases until reaching 0.78 when residence time is 1.5 ps
(n = 15), and after that a, does not decrease further with
increasing residence time. Table 1 shows the dependence of a,
on the criterion determining complete thermalization.

Table 1. Thermal Accommodation Coefficients (a,) as a
Function of Time (n) That the Molecules Were Found To
Have a KE Less Than the Average Thermal KE at the
Surface Temperature

n a;
0.84

N 0.81
10 0.80
1S 0.78
20 0.78

In an earlier simulation study, Ergin and Takahama'’

observed a correlation between integrated carbon density and
water accommodation coefficient on liquid water coated with
C10 and CI11 alcohols. With the most compact monolayer
(integrated carbon density of ~15 carbon/nm?), the water
accommodation coefficient decreased to nearly zero. Even
though this carbon density is close to the integrated carbon
density of the n-butanol layer modeled in this study, a much
higher accommodation coefficient is obtained here. Apparently,
here the absolute length of carbon tails is the key factor of
permeability. Takahama and Russell"® compared the effective
mass accommodation coefficients of ice coated by octanoic acid
and myristic acid as a function of projected fractional coverages.
At the same surface density (29 A per molecule), the shorter
organic monolayer made of octanoic acid shows a higher
accommodation coefficient (~0.3) than that of the longer
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organic myristic acid (~0), which matches the « value for the
butanol monolayer reported in this study considering the
difference of carbon tails and functional groups between
myristic acid and butanol.

Nathanson and co-workers performed molecular beam
experiments and found that a n-butanol coating does not
impede the mass transfer of either water*® or HCI/HBr '® out
of or into a supercooled sulfuric acid solution. One reason
might be that the butanol molecules are highly disordered on a
liquid surface, leading to a smaller impact on mass transfer
compared to that on crystalline ice surfaces. Sakaguchi et al."”
simulated supercooled butanol coated sulfuric acid solution in a
MD study and found that about 20% of the impinging water
molecules are directly scattered and another 10—20% thermally
desorb depending on the degree of protonation. In the same
study, the authors reported the accommodation coeflicient on
butanol coated water, where lower accommodation coefficients
of 0.58 at 213 K and 0.49 at 300 K where obtained. However, in
an earlier paper from the same authors,” a weaker blocking
effect (~30%) of butanol on water accommodation on liquid
water was observed, which is comparable to this study. Gilde et
al.** also performed MD simulation on the effects of a butanol
film on water uptake, and at a similar surface coverage as in the
present study (3.6 molecules nm™>) the condensation
coefficient was around 42% as estimated by interpolation,
which is relatively low compared to previous molecular
beam'""****" and MD simulation'”*" studies including this
work.

3.4. Fast Penetration. Trapped H,O quickly become
incorporated into the butanol-covered ice surface, as shown in a
time series of the z-axis position of trapped H,O (Figure 4). At

60 R A )
= [T — 4ps
g — 8ps
g 40+ — 16 ps F
s — 32ps
2 — 48ps
2 20 O_water [
8
£

0 — 1 . .

9.0 9.5 10.0 10.5 11.0 11.5

z (nm)

Figure 4. Time series of trapped water distribution in the z direction.
The black dotted line is the density distribution of water molecules
shown in Figure 1b. The result is based on analyzing 400 trajectories.

an early stage (4 ps) soon after colliding with the surface, water
molecules spread in a wide range as a result of various initial
impingement positions. Note that water molecules hit the
butanol layer after 1.5-2 ps. At 8 ps, molecules start to
accumulate next to the first water ice layer where a peak around
9.75 A develops. As time evolves, trapped water molecules
continue to move toward this region until 32 ps, after which no
further changes are observed. The peak at ~9.75 A is at the
same position as the oxygen atoms of butanol molecules,
indicating that diffusing water molecules form hydrogen bonds
with both ice water molecules and the OH group of butanol.
Before finding a hole to penetrate, the trapped water diffuses
quickly on the top of butanol layer. In average of 400
trajectories, it takes roughly 14.5 ps for half of the trapped
molecules to diffuse about S A on the x—y plane, which gives
the median value of diffusion coefficient on the order of 107°
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Figure 5. Example trajectories and molecular arrangements of two trapped water molecules (a, b). Top row: z coordinate of the oxygen atom of the
impinging water molecule as a function of time. The water density is represented with the blue line to illustrate the location of the ice surface. The
inset shows the corresponding x/y coordinates of the O of the colliding H,O. The colors refer to the different stages that can be identified from the
time-resolved z-coordinate. Second row: interaction energy between the H,O molecule and the butanol and ice layers. Third row: time evolution of
the interaction energy between the H,O molecule and the butanol and ice layers. Bottom row: snapshot showing the first neighbors of H,O when it

is trapped between the butanol layer and the ice layer.

m?® ™. Such value is close to the typical diffusion coefficient
(Dgig) of water in organic liquid at room temperature.*~**

3.5. Individual Trajectories. In order to understand the
driving force for the rapid water diffusion and the final states,
two typical trajectories are analyzed in detail as shown as Figure
Sa and Figure Sb. In the top panels, x-, y-, and z-coordinates of
the oxygen atom of the impinging water molecule are shown as
a function of time. Different stages can be identified from the
time-resolved z-coordinate: the diffusion along the x—y plane
before finding a site to penetrate the adlayer is shown in pink,
the penetration process is shown in red, and the green and
black colors indicate two locations where trapped water
molecules were strongly bound. The black line corresponds
to a position next to the first ice layer, and green line indicates a
position relatively further from the ice surface.

After reaching the surface, the incoming water molecule first
rapidly diffuses on top of the butanol layer before finding a site
where diffusion through the butanol layer can occur, as shown
in Figure 5b1. Note that as soon as the water molecule reaches
the outer range of the butanol carbon tails, the molecule is
readily attracted by the OH group of butanol (Figure 5b2).
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This relatively weak force gently pulls water molecules toward
the butanol—ice interface, but the movement is hindered by the
butanol monolayer. Thus, a hole is needed for penetration.
Before finding a hole to dive in, the water molecule diffuses
along the hydrophobic surface, constantly pulled by the butanol
OH groups. Such diffusion is mainly entropically driven and
with enthalpic interference, and when a hole is available, the
fast diffusion is enthalpic driven. When the incoming molecules
are within a 3 A distance from the uppermost water ice layer, an
additional attractive force from water molecules in the ice
applies to the mobile molecules. In combination with the
hydrophobic character of the butanol chain, the trapped water
molecules are effectively pulled toward the ice, as shown in
Figure Sb3. Before entering the 3 A zone, several molecules
were observed to occasionally jump back and forth within the
carbon tail layer, but no molecules were seen to escape from
this zone. One may expect that in films consisting of longer
alcohols or carboxylic acids it is difficult for water to penetrate
because of three facts: (1) the landing spot will be farther away
from the hydrophilic group and the attractive force that helps
the “diving” movement will be weaker; (2) the ordered

DOI: 10.1021/acs.jpca.8b01951
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hydrophobic methyl groups leave less space for incoming water
to penetrate; and (3) the landed molecules are farther away
from the “3 A zone”. When a molecule penetrates the butanol
layer and arrives at the butanol—ice interface, it forms 1-2
hydrogen bonds with ice water and simultaneously forms 1—2
hydrogen bonds with OH groups on butanol, i.e., ~3 hydrogen
bonds in total. Due to the formation of such strong bonds
(Figure Sa4 and Figure Sb4), the water is locked in its position,
and no further diffusion is observed on the time scale of the
simulations. Moreover, this explains why the accommodation
calculated in this study is comparable to that measured by EMB
on a longer time scale, since it is unlikely that such strongly
bound water molecules desorb on the millisecond time scale of
the EMB experiments.”'

Overall, incoming water molecules tend to move toward the
ice surface due to the attractive potential from OH groups of
butanol and from the ice water within a 3 A range. The van der
Waals interactions between water and the alkyl chains are much
weaker than that of the hydrogen bond, which means that the
presence of a butanol monolayer decreases the chance of
impinging H,O molecules to approach the strongly bound sites.
The molecules that do not make it to this distance could desorb
in a relative short time. However, previous EMB studies
revealed that even though impinging water molecules desorb
faster from a butanol coated ice surface than that from neat ice
surface, on a millisecond time scale the slower desorption from
neat ice surface will catch up and the bulk mass accommodation
eventually become similar in the two cases.”” On the basis of
the findings from this study, we conclude that the thermal
accommodation coefficient obtained here is similar to the mass
accommodation coefficient from EMB experiments (@, & a3)
because water molecules become bound with a higher energy
on butanol-covered ice than on bare ice. Thus, the calculated
accommodation coefficient from this study agrees well with the
EMB results.'””® In a broader context, the previous
experimentally obtained bulk accommodation coefficients of
water on bare ice at 200 K are of smaller values than 0.81
reported here, such as 0.41 by Pettersson and co-workers,”’
0.12—0.34 by Rossi and co-workers,””™"" and 02-1.0 by
Skrotzki et al.® Note that the thermal accommodation
coefficient of water on pure ice at this temperature is unity,
so the low numbers are due to the thermal desorption of
adsorbed water molecules before being incorporated in the
bulk. This portion is expected to be lower in the current system
with a butanol coating, even in the time scales comparable to
the experiments, because the impinging molecules quickly
penetrate through the surfactant layer and form ~3 hydrogen
bonds to ice water and OH groups of butanol, resulting in
lower evaporation rates.” However, evaporation is a rare event
on the typical time scale of MD simulations,””>" so we do not
directly evaluate the significance of thermal desorption in this
study.

4. CONCLUSIONS

We have performed MD simulations to investigate the water
accommodation on n-butanol coated ice at 200 K, close to the
EMB experiments conditions. In the film, butanol molecules in
the monolayer uniformly tilt at about 40° normal to the ice
surface with the OH group pointing to the ice underneath. The
radial distribution functions indicate the formation of hydrogen
bonds between butanol and water ice, with a binding energy of
approximately —45 kJ/mol. As gas water molecules collide with
the butanol surface, some of the impinging molecules scatter
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after impacting the carbon tails of butanol molecules. However,
the initial kinetic energy is quickly dispersed and the majority of
incoming water molecules remain on the butanol layer. These
molecules diffuse rapidly on the butanol surface until they find
a suitable site to penetrate into the alcohol layer. Two
important types of attractive forces act on the trapped water,
which are the attraction from the OH-group on butanol and
from the water molecules in the ice. The OH-group acts on any
trapped water molecule, pulling it downward at a suitable site.
As soon as the mobile water molecule is within 3 A from the
butanol—ice interface, they travel this distance quickly due to
the additional attraction from ice water. Once the external
water molecules penetrate the butanol layer, they become
strongly bound by on average three hydrogen bonds to both
butanol OH groups and ice water molecules. This explains the
findings in earlier EMB experiments, where the apparent water
accommodation coefficients on bare ice and butanol coated ice
are similar in magnitude but rely on different kinetics.' "' The
role of short organic films on water accommodation has been
largely ignored due to their apparent minor influence, but the
finding from this work illustrates how a short-chain organic
coating significantly influences the dynamics of water
accommodation on ice, with potential implications for their
effects on ice processes and heterogeneous reactions. A
forthcoming study will investigate the influence of organics
coverage and water beam properties since these parameters
may also impact water accommodation.
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