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Adsorption of acetone molecules on proton ordered ice. A molecular
dynamics study

S. Picaud® and P. N. M. Hoang )
Laboratoire de Physique Motelaire—UMR CNRS 6624, Faculties Sciences, La Bouloie,
Universitede Franche-Comte25030 Besaran Cedex, France

(Received 6 December 1999; accepted 16 March 000

The adsorption of acetone molecules on a proton ordered ({©@0f) surface was studied using
classical molecular dynamics simulations between 50 and 150 K. At low coverage, we show that
acetone molecules form an ordered monolayer on this ice surface, which is stabte 60 K. At

higher temperature, it exhibits orientational disordering, though local translational order remains.
Preliminary simulations at higher coverage indicates the formation of additional ordered layers
above the first monolayer, which are also stable below 100 K. These results support previous
conclusions on the acetone/ice interactions based on the interpretation of experimental data.

© 2000 American Institute of Physids$0021-960600)71022-1]

I. INTRODUCTION or HNO;, for example? Nevertheless, very few experiments
The characterization of the interactions between Smalpave been conducted on the interaction between acetone and

molecules and ice particles has been an active field of ré® surféa(\fﬁs. As far as we know, only the work by Schaff and
search for several yeatsuntil now, careful attention has ROPerts™has been published on this system. These authors

been paid to the adsorption of halogenated molecules due have studied the adsorption properties of acetone at different

the role played by the chlorofluorocarbof@FCY in the  €XPosures, on annealed and unannealed ice fit® and
ozone depletioR.Indeed, it is now accepted that ice particles P20) deposited on W00 and P111) by thermal desorp-

contained in polar stratospheric clou@®SC3 catalyze reac-  tion spectroscopyTDS) between 100 and 180 K, and under
tions, converting inert halogenated species into photoactivéltrahigh vacuum conditions. They showed that an unan-
dichlorine and difluorine moleculésAlthough the overall nealed ice film corresponds to an amorphous structure which
chemistry occurring on PSCs is quite well understood at théransforms into a crystalline structure after annealing. Two
macroscopic level, the molecular mechanisms involved irftates, labeled as- and g-acetone, respectively, were ob-
these reactions are still unclear. Moreover, from a more funserved from the unannealed surface at 140 and 157 K, while
damental point of view, the surface chemistry of molecularonly the lower temperature state was observed from an-
solids such as ice is not as well understood as the surfadeealed ice. However, note that, at very low exposures, the
reactivity of metals or ionic crystals. two states are also observed on annealed ice. The activation

Small organic molecules are generally characterized bygnergies fora- and 8 desorption are approximately 35 and
large electric moments which can interact strongly with the40 kJ/mol, respectively. From these experiments, it was con-
electric field created at the surface of ice partiéléd.short  cluded that acetone is entirely molecularly adsorbed and that
distances, they can also form hydrogen bonds with wateB acetone is connected to a hydrogen-bonded state, while
molecules. As a consequence, such small organic moleculegetone is physisorbéfl.Moreover, infrared spectroscopy
are good candidates for the study of the influence of the iceneasurement$ have shown that vibrational frequencies of
structure and dynamics on the adsorption properties of atmadsorbed acetone are close to those of condensed acetone,
spheric gases. except for the carbonyl stretch mode, for which two bands

This is the case of the acetone molecule which is relathat grow in at different acetone exposures are observed on
tively abundant in the troposphere, where its photodissociaboth amorphous and crystalline ice. The low frequency peak
tion leads to the formation of HQradicals, especially at high at 1703 cm*, which grows in first, is redshifted by 14 crh
altitude where other sources of K@re not prese® An  when compared to the bulk value. This peak was attributed
increase of the concentration of K@ the troposphere can to acetone hydrogen bonded to water, on the basis of the
increase the ozone productibMoreover, these radicals re- calculated value for the carbonyl stretch mode in the
act with NQ and SQ to form nitric and sulfuric acids which acetone—water d|mé17027 cm 1).12 The h|gher frequency
strongly influence the formation and composition of aerosolﬁ)eak at 1717 cmt, which grows in after the previous first
and the formation of condensation nuclei for the P8€sr-  peak is nearly saturated, was related to either bulk or phys-
thermore, from an experimental point of view, the physico—isorhed acetone. Furthermore, adsorption of acetone on ice
chemical properties of the acetone molecule allow muchegyited rapidly in the complete disappearance of the free
easier adsorption measurements than molecules such as H§Lp stretch on both annealed and unannealed surfaces, a
feature which is consistent with the formation of hydrogen
dElectronic mail: sylvain.picaud@univ-fcomte.fr bonds to the carbonyl oxygens.

0021-9606/2000/112(22)/9898/11/$17.00 9898 © 2000 American Institute of Physics



J. Chem. Phys., Vol. 112, No. 22, 8 June 2000 Adsorption of acetone on ice 9899

These experiments have shown that acetone presentsTABLE |. Parameters for the various potentials used in the present study.

rich and varied surface Chemistry on ice which is not fu”yThe coordinates of the different sites are given with respect to the molecular
. . frame located at the center of mass.
understood. Therefore, we use numerical methods to inves-

tigate the adsorption of such a molecule on a hexagonal ice Coordinates M©) € o
Ih(000)) surface. At finite temperature it seems that a realis-  Site A) ® (mev) (A)
tic ice surface could be a proton disordered model in which™, -
the arrangement of the H atoms is quasirandom within the o (x,y,z)=(0.0;0.0:—0.065) 0.00 6.732 3.152
constraints of the ice rulés:** Although such proton disor- H (x,y,2)=(0.757;0.0;0.521) 052 - -
dered ice crystals are available in the literatté; it should H (xy,2)=(-0.757;0.0,0521) ~ 052 - = -
be pointed out that their stability in the simulations strongly ™ (xy.2)=(00,00,0085  —-1.04 - -
depends on the potential used for the interaction between A ..ione
water molecules. For example, it has been recently shown o (x,y,2)=(0.0;0.0— 1.320) ~0502 9.118 2.960
that when the TIP4P modé&,which is well known to give Co (x,y,2)=(0.0;0.0;—0.104) 0.566 4.559 3.750
results in fair agreement with many experimental dts, C (x,y,2)=(-1.272;0.0;0.700) —0.032 7.334 3.880
used for characterizing the interaction between water mol- € (x,y,2)=(1.272,0.0,0.700) ~ —0.032 7.334 3.880
. . H (x,y,2)=(-2.173;0.0;0.074) - - -
ecules, a proton ordered hexagonal ice is the most s;_table H (X.y.7) = (—1.363-0.876:1.356)  — _ _
structure at 1 atm when compared to various proton disor- (x,y,2)=(—1.363;0.876;1.356) _ _ _
dered ice crystal%o. Moreover, since many different proton H (x,¥,2)=(2.173;0.0;0.074) - — -
disordered structures can be generated, a statistical study onH (x,y,2)=(1.363;-0.876;1.356) - - -
various surfaces would be required in order to investigate the M (x,y,2) = (1.363;0.876,1.356) - - -
influence of the proton disorder on the adsorption of polarreference 18.
molecules such as acetone. PAdditional electric site.

In the present paper, we have chosen to simulate théeference 22.
adsorption of acetone on a proton ordered hexagonal ice

crystal. Indeed, previous study by optimization of classical . , .
ystal 1 P y Dy op fbetween water and acetone is defined in the same way, where
potentialé* has shown that a perfectly ordered monolayer o

acetone molecules can be formed at the surface of such prthe cross interactions are obtained by using the usual

ton ordered ice crystal at O K. Here, on the basis of the Sam%orentz—Berthelot combining rules. The various potential

potentials, we perform classical molecular dynamistD) parameters are summarized in Table I. Note that here, we

simulations in order to investigate the structure and the dyysed a nonpolarizable model for both water and acetone,

namics of this acetone layer between 50 and 150 K. We alsgc® simulations with such polarizable models are much

) S : more time consuming’ It has been shown in a recent Monte
discuss preliminary results on the influence of the aceton . . ) - .
arlo simulation of polarizable liquid acetone that the in-
coverage on the adsorbed layer.

In Sec. I, the details of the molecular dynamics simula-duced polarization affects the energy and dielectric proper-

. . . ties, but not the structural properti?é%ln the simulation, all
tion are given, and the corresponding results are presented in

) _interactions between sites are damped through a switching
Sec. lll. These results are discussed and compared wi ! S :
: . . unction S(R). So, the effective interactions between two

available experimental data in Sec. IV. . L o .
molecules are obtained by multiplying the pair interactions

with S(R). This function S(R), whereR is the centers of

Il. MOLECULAR DYNAMICS CALCULATIONS mass separation between molecules, is defin&d as
A. Interaction potential S(R)=1 R<11.0 A
The intermolecular potentials used in the present study S(R)=0 R>115 A,

consist of site—site potentialg(r;;) which contain Coulom- 4 3raA 2
bic and Lennard-Jones contributions. These potentials are S(R)=1-a*(10-15a+6a") 1L0SR<1L5 A,
written as a=2(R-11.0.

M O (O (ﬂ)lz_(ﬂ)6

V(rij)= %4—46”
ij

wherer;; is the distance between tinth andjth sites of the
interacting moleculesvl i(o) is a point charge located at the
ith site, ande, o are the usual Lennard-Jones parameters. FOé Details of the simulation
the interactionV,, between the acetone molecules, we use™"
the four-sites model proposed by Ferragbal?? in which We consider adsorption on tH@001) basal plane of a
charges and dispersion—repulsion centers are located on tpeoton ordered hexagonal ice crystal. The size of the simu-
C and O atoms. Note that the methyl group is treated as onlation box is defined from an orthorhombic unit cell of di-
site centered on the carbon atom. The TIP4P model is usemensiond.,=8.98 A,L,=7.78 A,L,=7.33 A?® This simu-
for water*® (V,,,, potentia) since it is well known that this lation box contains four bilayers of moving water molecules
model can accurately reproduce structures and dynamisghich form a slab 14.66 A thick. These moving water mol-
properties of both real ice and wat€rThe interactionv,,  ecules are placed on a slab consisting of two bilayers of fixed

2

' (D At the boundaries of the switching region, the potential en-
ergy is continuous and the switching function first and sec-
ond derivatives are zero.
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FIG. 1. Geometry of the adsorbed molecule. The acetone orientation
(¢,0,x) is referred to an absolute frame tied to the bottom of the simulation 0.0 4
box. The ice film is schematically represented by the gray parallepiped. '
T T T T T
0 5 10 15 20 25 30

z (A)

water molecules. To simulate an infinite surface, periodicFIG. 2. Distribution functiomp(z) (in arbitrary units, a.j.of the distance

boundary conditions are imposed in the directionand y (A) of the water and acetone molecular centers of mass from the bottom of
the MD box, for an acetone coverage equal to 0.25. Full and broken curves

parallel to the surface, by replicating the previous unit cellggyrespond tar =75 and 150 K, respectively. Note that the two fixed water
along (x,y) to give a rectangular MD simulation box of di- layers have not been represented.
mensionsx=35.92 A andy=31.12 A . This box contains a
total of 768 water molecules, 512 of them being moving
L . . IIl. RESULTS
molecules. The initial configuration of the water molectfles
obeys the ice ruléd**and has no net charges or net dipoles.A. Structure and energy of the adlayer

The simulation box also contains a number of moving et us recall here briefly the results of the optimization
acetone molecules depending on the coverage considergstocedure on the proton ordered ice surface at® K. this
Here, we define the coverage as the number of acetone m@irevious study, we have shown that the acetone molecules
ecules adsorbed per number of water molecules in the sutan wet the ice surface in order to form a perfectly ordered
face layer, i.e., per bilayer of hexagonal ice. Based on thenonolayer containing two acetone molecules per surface unit
results obtainedt&® K from an optimization procedure of the cell of ice. In this structure, corresponding to a coverage of
ice/acetone potentidl, the present calculations involve 32 0.25 and referred as (41) phase, the molecular CO axes
acetone molecules per simulation box, which corresponds tare nearly parallel to the ice surface, and they are mutually
a coverage of 0.25. oriented in such a way that they form a herringbone structure

Each molecule is treated as a rigid rotor, and six externa{A ¢=|[¢,— ¢,|=60°). The centers of mass of the mol-
coordinates are used to describe the translation of the centggules are adsorbed at a distazee3.3 A from the mid-
of mass &,y,z) and the orientation of the molecule (6, x) plane of the surface bilayer of water molecules, and this
with respect to an absolute frame tied to the bottom of theéStable structure corresponds to an adsorption energy of
simulation box(Fig. 1) . The translational equations of mo- — 49 kJ/mol. _ _ _ _
tion are solved using the Verlet algorithm, and a predictor— N the present simulations, we have investigated the
corrector method based on the quaternion representation Siructure of the acetone layer as a function of the temperature
the molecular orientations is used for the orientationaFmd for a coverage of 0.25, in order 1o study the stability of

equationg’ with a time step of 2.2 fs. Every run involved an ﬂ:icg;?l?glagfé“gﬁgg g;\gcw;x ;Irsc,)cr)n é?firmoggrri]r;zztﬁgr
equilibration period ranging from 15 000 to 40 000 steps,p ' y P

. : to compare results obtained with larger simulation boxes. It
depending on the temperature, followed by a production run b 9

i . ; is found that th ignificant diff in the simu-
of 15 000 or 20 000 steps. The configuration obtained by th o ound tar there are no signiticant difierences in the simu

R . X ) fations, whatever the temperature.
optimization proceduret® K is used as the starting configu- The distribution functiorp(z) of the distances between

ration. The initial linear and angular velocities for each mov-iho molecular centers of mass of the moving molecules and
ing molecule are taken from a Boltzmann distribution corre-e origin of the absolute frame is shown in Fig. 2 at 75 and
sponding to the desired simulation temperature. Thisjsg K and for a coverage equal to 0.25. The single peak
temperature is held constant during the production runs byround 21.5 A corresponds to the acetone admolecules and it
scaling the velocities every ten steps. The cutoff in the calis a clear signature of the formation of one monolayer of
culations of the acetone-acetone, acetone—water, angtetone molecules above the ice crystal. This peak does not
water—water interactions is handled through three differenghift significantly when increasing the temperat€e3 A
neighbor lists} with the same radial cutoff. Simulations are between 75 and 150)Kalthough it slightly broadens due to
performed at 50, 75, 90, 100, 125, 140, and 150 K. the thermal fluctuations. Note that, at these low temperatures,
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1.0 always exhibits a single peak around 7[®ig. 3(@)], the

(a) maximum position of which slightly depends on temperature
(71.5°, 70.5°, and 69° at 75, 125, and 150 K, respectjvely
showing that acetone molecules are nearly flat on the surface.
The angle less than 90° is mostly due to the steric volume of
the methyl group. These values are about 10° lower than the
equilibrium @ angle issued from the optimization at 0%K.
The full width at medium heighFWMH) of the p(0) peak
increases from 16° to 28° when temperature rises from 75 to
150 K. Note that this increase of FWMH becomes significant
above 100 K, only. These features, connected to the asym-
metry of thep(#) peak toward the low angle values, indicate

0 (deg.) that the acetone molecules tend to lift up when the tempera-
ture increases. However, the behaviop¢h) with tempera-
ture is typical of librational motions of the molecular axes
around equilibrium. In the same way, the analysis of the
distribution p(x) [Fig. 3(b)] shows that the two methyl
groups of the acetone molecule lie in the same plane parallel
to the ice surface below 100 K, singH y) exhibits two
equivalent peaks at 90° and 270°. This feature remains un-
changed at higher temperature, but the peaks are broader,
indicating that some methyl groups no longer belong to the
plane parallel to the surface. By contrast, the funcpde)

[Fig. 3(c)] is characterized by a strong temperature-
dependent behavior. Below 100 K, it exhibits only two peaks
around 60° and 120°, which are close to the values obtained
x (deg.) at 0 K** (59° and 122°). When the temperature increases, the
p(¢) distribution tends to spread over the whole angular
range, and new peaks are progressively evidertfmdex-
ample, around 0° af =125 K).

These results show that on a proton ordered ice surface
and below 100 K, acetone forms a perfectly ordered mono-
layer which contains two inequivalent molecules per water
unit cell. These two molecules are slightly tilt€by about
20°) with respect to the ice surface plane, their CO axis
pointing down to the surface and being mutually oriented in
order to form an herringbone-like structuré ¢=60°).
These features confirm the stability up to 100 K of the struc-

O 30 60 90 120 150 180 210 260 270 300 330 360 ture obtained in the optimization procedure, as illustrated in
Fig. 4(a) by the snapshot issued from the simulation at 75 K.
¢ (deg.) : . . .
However, above this temperature a strong orientational dis-
FIG. 3. Angular distribution functions for the acetone molecules at variousorder is evidenced in the angular distribution functions, es-
angles are n degross, and the cistipuion functions are gven n arbivark cC.1Y for theg angle, and the herringbone structure is no
3:35 (a.u). Full agd doited curves correspondTie- 75 and 1590 K, respec- Yon_ger stable above 125 K. Moreover, the methyl groups
tively. The broken curve itfc) corresponds to an intermediate temperature, Which are on average close to a plane parallel to the ice
T=125K. surface at low temperature, tend to move away from the ice
surface when the temperature incregdeg. 4(b)].

The existence of the stable monolayer structure at low
the water bilayers exhibit verticak(direction translational temperature is also evidenced by the analysis of various ra-
ordering, as shown by the occurrence of double peaks idial distribution functiong(r). For example, the mutual ar-
p(2). rangement of the centers of mass of the acetone molecules is

The angular distribution functionp(6), p(¢), and  given bygcu—cm(r) [Fig. 5@], which represents the prob-
p(x) for the acetone monolayer are given in Fig. 3 at variousability of finding two centers of mass a distancapart. At
temperatures. Note that we obtained the same distributiosmall distances, this distribution does not change signifi-
functions when starting the simulation with all acetone mol-cantly with temperature, and it always exhibits a single peak
ecules standing upright.e., #=0°; this corresponds to CO at5.96 A . This peak corresponds to the distance between the
bond perpendicular to the surfacestead of starting from first nearest acetone neighbors. At longer distances,
the structure obtained from optimization, where all aceton@cy_cm(r) exhibits two additional peaks below 100 K.
molecules are flat on the surface. The distributiof¥) They are much less structured at 125 K and vanish at higher

0.5 1

p(d) (a.u.)

0.0

0 20 40 60 80 100 120 140 160 180

1.0

0.5 4

p() (a.u.)

0.0

0 30 B0 90 120 150 180 210 240 270 300 330 360

1.0

0.5

p(%) (a.u.)

0.0 1
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(b) FIG. 5. Radial distribution functiongcy-_cm(r) (@ andgeg(r) (b) for the
acetone molecules at 7full curve) and 125 K(dotted curve The distances

FIG. 4. Part of snapshots of the simulation with a coverage equal to@25: are in A, and thalistribution functions in arbitrary unit@.u). These results

top view and side view at 75 K(b) side view at 150 K. The acetone are issued from a simulation with a coverage equal to 0.25.

molecules form an commensurate monolayer adsorbed above the ice film.

Note the increasing mobility of the different molecules as the temperature

increases. Only the top water layers are represented. On the top view, the

dangling H atoms have been represented as black circles for clarity. less ordered. This feature indicates that the lost in ordering is
due primitively to orientationadp motions at higher tempera-
ture.
temperature, indicating that the long-range translational or- In order to investigate the tendency of acetone molecules
der is lost above this temperature. The integrated intensity ab form bonds with the ice surface, we have plotted in Fig.
the first peak ingcy—cm(r) gives four molecules as nearest 6(a) the 3D pair distributiongg_(r) between an oxygen
neighbors. This is in agreement with the occurrence of atom of the acetone moleculesdaa H atom of the underly-
(1% 1) structure containing two acetone molecules per suring water molecules. This distribution mainly exhibits a
face unit cell, related by two glide planes along thandy  strong peak centered at 1.8\ , which does not significantly
directions. Note that no significant difference is observed foishift with temperaturgless than 0.01 A Its integrated in-
this three-dimensional3D) distribution functiong(r) and tensity, up to the first minimum, corresponds to the number
the two-dimensional distribution functiog(r,) (r,, being of hydrogen atoms of water in the first shell around an oxy-
the projection on the surface plane of not given herg gen atom of acetone. The present results correspond to one
which is an additional proof for the planar structure of thenearest-neighbor hydrogen atom of water per acetone oxy-
acetone adlayer. The pair distributiggo(r) [Fig. 5(b)] be-  gen. This feature, combined with an analysis of the snapshots
tween the oxygen atoms of the acetone admolecules at difssued from the simulatiofsee, for example, Fig.)4indi-
ferent temperatures behaves similarly. Nevertheless, this latates that each acetone molecule tends to form one hydrogen
ter distribution is much less structured than centers of massond with a dangling OH of the ice surfa@eere, we define
distribution gcpm.cm(r) at high temperatures and it mainly the hydrogen bond only on the basis of the- -0 dis-
exhibits one first peak around3A , which broadens as the tance criterioly, at investigated temperatures from 50 to 150
temperature increases. At 150 K, the O atoms ordering is lo3€. Moreover, the 2D pair distributiogg_u(r,,) (wherer,, is
even at short range, while the centers of mass remain more tine component parallel to the surface of the vector joining O
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FIG. 6. Radial distribution functiongo.4,(r) for the distances between the

2
oxygen atom of the acetone molecule and the hydrogen atoms of water at 75 ST( k)= N<
(full curves and 150 K(dotted curves (a) three dimensional distribution
function, (b) two-dimensional distribution functiofsee the text The dis-
tances are in A, and thdlistribution functions in arbitrary units.u). These

results are issued from a simulation with a coverage equal to 0.25.
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acetone contributiol,, slightly increases from 15% to 19%

of the total potential energy when the temperature increases
from 50 to 150 K, and it is mainly due to the dispersion—
repulsion interactions. On the contrary, the acetone—water
contribution is clearly of electrostatic nature, sinth rep-
resents about 80% df,,, over the temperature range con-
sidered here. Note that the acetone—water contribution con-
tinuously decreases when the temperature increases due to
the rearrangement of the acetone molecules which tend to lift
up at high temperature. Taking into account the small con-
tribution due to the kinetic energy, the total energy per ac-
etone molecule ranges betweed6.3 and—41.8 kJ/mol for

the temperatures considered here.

B. Translational and orientational order

In the previous section, the examination of the transla-
tional and orientational distribution functions has shown that
the structure of the acetone layer adsorbed on ice depends
strongly on the temperature. In particular, the pair distribu-
tion functionsg(r) and the angular distributiop(¢) are
strongly modified above 125 K, when the temperature in-
creases. In order to discuss the reorientation and the loss of
the ideal (1x1) structure of the acetone molecules, some
translational and orientational order parameters have been
calculated at different temperatures. Since thex ()
herringbone-like structure is a superimposition of two sub-
lattices, a translational order parameter is defined for each
sublattice separately as

>, )

where the summation accounts for molecules pertaining to
one or the other sublattice. The symtel -) means that an

average is performed over the duration of the simulation run
andN is the total number of acetone molecules in the mono-

]

and Hw) is characterized by a first broad peak around 0.80 Aayer; r; defines the position of the center of mass of mol-

, indicating that the O atoms of the adsorbate are, in averageculej in the absolute frame, arldis some reciprocal lattice
not adsorbed right above the OH dangling bonds which argector. Not allk vectors can be investigated in the molecular
perpendicular to the surface, but slightly displaced with re-dynamics simulation, as only those which conform to the
spect to the H positions. Note that, at larger distancesperiodic boundary conditions of the MD simulation box are
Jo-nw(r) is more or less structured depending on the thermaaccessible. In the present simulation, the patch is rectangular

fluctuations of the system.

with sides parallel to the glide planes and contains 4 unit

The different contributions to the total energy of the sys-cells. Here, we are concerned only wikhparallel to the
tem acetone—water are given in Table Il. The acetone-surface, and we chose to investigate tweectors, namely

TABLE Il. Electrostatic and Lennard-Jones contributidimskd/mo) to the total energy per acetone molecule
at monolayer coveragg.e., 0.25 and for different temperatures.

Temp.

(K) Via Vil Vaa Vaw Vaw Vaw Viotal Kin. energy  Eioal
50 -032 -698 -73 —-330 -—-72 —402 -—-475 1.2 —46.3
75 -027 -6.89 -72 —-323 -—-72 —-395 -—-46.7 1.8 —44.9
100 -022 -6.78 -—-70 —-316 —72 —388 —458 2.5 —43.3
125 -050 -6.70 -72 -305 -—-71 -—-376 —4438 3.1 —41.7
140 -150 -690 -84 -304 -69 —-373 -—-457 35 —42.2
150 -150 -700 -85 -300 -—-70 —-37.0 -—-455 3.7 —-41.8
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plane, in the whole temperature range. On the contrary,
100 m— e K, @ disorder is evidenced above 100 K, and this angle exhibits a
YT liquid-like behavior at 150 K. Again, these features are in
0.75 ky w agreement with the analysis of the angular distribution func-
\$ tions.
0.50 B To summarize, the analysis of the order parameters and
iy of various distribution functions demonstrates that, below
0.25 100 K, the acetone molecules can form a perfectly ordered
commensurate monolayer on the proton ordered ice surface
0.00 considered here. This monolayer has &(Il) structure with
respect to the ice unit cell since the acetone molecules are
preferentially tied to the OH dangling bonds of the surface,
and it contains two inequivalently adsorbed acetone mol-
ecules per unit cell. Above this temperature, this structure is
no longer evidenced, although a certain translational order
can persists at short range. The corresponding disordering is
mainly due to the temperature dependence of the azimuthal
angle ¢, whereas the molecular axes remain tilted with re-
, ' . . . spect to the ice surface over the whole range of temperature
" 60 80 100 120 140 160 investigated here.

Temperature (K)

S; ()

1.00

0.75 A

0.50

Sg(®)

0.25 4

0.00

C. Preliminary results at lower and higher coverages
FIG. 7. (a) Translational order parameters alorgand y directions as a .
function of temperature for one of the two sublattices of the herringbone Although the present paper malnly focused on the struc-

structure formed by the acetone moleculsse the tejt (b) Orientational ture of the acetone monolayer on proton ordered hexagonal

order parametergangle ¢) fpr the two molecules in the unit cell 'of the ice, we have done some preliminary simulations by increas-

acetone adlayer, as a function of temperature. These results are issued from . .

a simulation with a coverage equal to 0.25. ing the acetone coverage from 0.25 to 0.5 in order to inves-
tigate the completion of the monolayer. These simulations
have been performed at two temperatures, namely 100 and
150 K. At temperaturélT=100 K, and with a coverage of

ky=(2m/a,,0) andk,=(0,27/a,) wherea, anda, are the 375 the analysis of the different distribution functions

unit cell parameters of our ice lattice along th@ndy di-  shows clearly that the acetone molecules form two layers: a

rections, respectively. first layer containing approximately 2/3 of the total amount

Similarly, the orientational disorder for the CO molecu- of molecules, on which the remaining molecules tend to ag-
lar axis is monitored through the deviation from its idea'gregate. This first layer is very similar to the monolayer ob-
orientation Qe [Qe=(¢e,b)] In the (1X1) structure by tained with a coverage of 0.25, for which each molecule is
calgulating rotational order parameters for each sublatticeyttached to an OH dangling bond, indicating that this cover-
defined as age corresponds to the saturation of the ice surface. At higher

2 coverage of 0.5 and¥100 K, the distribution functiop(z)

Sr(Q)= N< > COE(Qj_Qe)>’ (4)  of the z position of the centers of mass exhibits two peaks

! (located at 21.8 and 25.2)Avhich are of the same intensity.
where() stands foré or ¢. This indicates that the acetone molecules have arranged

For the perfectly ordered monolayer, the order parametethemselves in two layers above the ice surface containing the
Srris equal to 1 for each sublattice, while it tends to zerosame number of molecules per layer, as illustrated in the
for completely disordered structure. Figuréa)7gives the snapshot of the corresponding simulation given in Fig. 8.
translational order parameters for the two seledtedirec- The acetone molecules pertaining to the first layer are again
tions, at different temperatures for one sublattice. The trangied to the OH dangling bonds of the ice surface, and the
lational order parameter for the other sublattice is very simi-molecules in the two layers are adsorbed nearly parallel to
lar. As can be seen from this figure, increasing thethe ice surface. These molecules tend to form dimers with
temperature leads to the disappearance of the ordered struantiparallel configuration from one layer to the otlias in-
ture above 100 K, although some translational order remaindicated by an arrow in Fig.)8in order to optimize the lateral
in the adlayer since the order parameters do not vanish eventeraction?® At 150 K, this ordering is lost and the acetone
at 150 K. These conclusions are consistent with the previousiolecules rather form a liquid-like layer above the ice sur-
analysis of theg(r) functions. face.

The calculated rotational order parame®g( ¢) for the The different contributions to the total energy for the
acetone adlayer is given in Fig(bJ for temperatures ranging acetone molecules in the bilayer are given in Table lll, for
between 50 and 150 K. The two anglgsnd ¢ exhibit very  two temperatures. In this bilayer, the acetone—acetone con-
different behavior as the temperature is increased. Indeedkibution V,, is about three times greater than in the mono-
Sk(6) (not shown remains nearly equal to 1, indicating that layer, indicating the large influence of the lateral interactions
the molecular axes keep their tilt with respect to the surfacdetween the two acetone layers. The acetone—water contri-
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FIG. 9. Top view of a snapshot of the simulation with a coverage equal to
0.125. The acetone molecules, which are represented in black for clarity,
tend to aggregate above the ice film.

mobile water molecule6 layers. The initial configuration

was built by removing one half of the acetone molecules in
the perfectly ordered (1) monolayer. A snapshot of the
final configuration is given in Fig. 9, where two-dimensional
clusters of acetone molecules are evidenced. On average, the
admolecules are adsorbed nearly parallel to the ice surface

FIG. 8. Part of snapshots of the simulation with a coverage equal t¢).5: and again, each admolecule is tied to an OH dangling bond
top view and(b) side view at 100 K. The acetone molecules form two of the ice surface. However’ at this temperature, the acetone

commensurate layers above the ice film. A characteristic antiparallel aceto
dimer is indicated by the arroysee the tejt Only the top water layers are

represented.

bution V,,, in the bilayer is nearly equal tv,, since the

olecules are mobile enough to cluster on the ice surface.

These aggregates can be viewed as precursor states for the
completion of the monolayer. The corresponding contribu-
tions to the total energy are given in Table Il

interaction between the upper acetone layer and the ice YR DISCUSSION

tal is very small(about 3 kJ/mol at 100 K Taking into

account the small contribution due to the kinetic energy, the In this paper, molecular dynamics simulations based on

total energy per acetone molecule ranges betwe88.2 and
—36.1 kJ/mol for the temperatures considered H&6® and

classical potentials have been used to study the structuring of
acetone molecules above a proton ordered hexagonal ice sur-

150 K). From these values, the estimation of the energyace. The strong interactions between acetone molecules and
which would be necessary to desorb the acetone moleculegater, responsible for the adsorption of these molecules on

pertaining to the upper layer ranges betweeB4.0 and

ice, in combination with the attractive lateral interactions be-

—30.0 kJ/mol when the temperature increases from 100 toween the admolecules, lead to the formation of a stable

150 K.

commensurate monolayer at low coverag@25. This

We have also done a simulation at 175 K by decreasingnonolayer exhibits a (X1) structure with respect to the
the coverage down to 0.125 on a large simulation patch corproton ordered ice surface considered here, with an unit cell
taining 36 acetone molecules adsorbed above a slab of 172®ntaining two inequivalently adsorbed molecules. At tem-

TABLE lll. Electrostatic and Lennard-Jones contributiditskJ/mo) to the total energy per acetone molecule
at submonolayefi.e., 0.125 and bilayer coverages.e., 0.25 and for different temperatures.

Temp.

(K) Vsa VI;; Vaa VEW VIE_I;]N Vaw Vtotal Kin-energy Etotal
102 -55 —-151 -—-201 -161 —45 —20.6 —40.7 25 —38.2
150 -53 -149 -202 -151 —46 -—-197 -—3938 3.7 -36.1
179 -0.7 —-35 —4.2 —-318 —72 -390 —432 4.3 —38.9

8Energies for the bilayefcoverage= 0.5).
PEnergies at half monolayer coverage125.
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perature below 100 K, these two molecules are adsorbetion of the structure of the acetone layers adsorbed on the ice
nearly parallel to the ice surface plane, with their CO axesurface.
oriented in such a way to form a herringbone structure.  First, two types of adsorption sites have been evidenced
These results, at finite temperature, confirm the stability obn the amorphous filmd and 8 acetone speci¢@ the TPD
the structure found previously by optimization at 0%K. experiments? while only the a species has been observed
When temperature increases above 100 K, our calculatiorsn the crystalline film, at least at high coverage. In fact, at
show that this ordered (21) structure disappears, mainly lower coverage, the TPD spectra for the two ice films are
due to thermal orientational motion. It is interesting to noterather similar, indicating that both acetone species are prob-
that commensurate structure of polar molecules on ice hagbly present at the surface. However, the signal associated
been recently observed in helium atom scatteringwith the 8 species rapidly saturates when the coverage in-
experiment® where CHR admolecules fill the periodic pat- creases on the crystalline ice surface, whereas it is still ob-
tern of water rings in order to form p(1x1) overlayer on served at higher coverage on the amorphous film.
the ice IHO00)) surface, below 75 K. It should be mentioned that the comparison of the cov-
It should be mentioned that the XI1) structure we erages given in the experimental data with the coverage defi-
found depends closely on the number of OH dangling bondsition used in the present paper is not straightforward, since
present at the surface of the ice crystal considered in theve do not refer to the same amount of molecules. Schaff
calculations, since the simulations indicate that the oxygeret all®!!defined 1 ML as the exposure necessary to form a
atoms of acetone molecules are preferentially attached tsaturated water or acetone adlayer on the underlying metal
these OH dangling bonds. In the present paper, the surface stibstrate, whereas we define the coverage as the ratio be-
the ice crystal we used exhibits a regular pattern of danglingween the number of acetone molecules and the number of
OH bonds, and the perfect herringbone ordering of the acwater molecules in our simulation box. Thus, preliminary
etone admolecules could be viewed as an artifact of the catheoretical study of the adsorption of water and acetone on
culations. Based on the ice rufs* this crystal is by no the metal substrates used in the experimédhits and P}
means unique and other ice surfaces containing differentvould be required to calculate coverages in the same way.
numbers of OH dangling bonds can also be simulated. AnyNevertheless, based on experimental study of the water ad-
way, the saturation of the hydrogen bonds by the acetonsorption on RtL11)*® which has shown commensurability
admolecules obtained in the present simulations is likely inbetween ice layers and the Pt surface, we might approxi-
dependent of the proton ordering. However, such simulationmately estimate that the coverage of acetone on crystalline
are not unreasonable since such ordered ice crystals are coine is the same as that on(Pi1). From this estimate, this
monly used in quantum-mechanical studie¥? Moreover, means that our coverage is similar to the coverage given in
some proton order has been recently observed up to 150 the experimental papet&!!
for ice films grown on Rt11).31:32 In the present study, we have found that, at monolayer
The potential accuracy may modify slightly the orienta- coverage(i.e., 0.25 on the proton ordered surface of ice
tion of the adsorbed molecules. However, the parametersonsidered here, the unit cell of the adlayer contains two
used here were fitted to represent accurately the electric dinequivalently adsorbed acetone molecules. These two mol-
pole moment of acetone, and to reproduce the configuratiorscules differ mainly by their azimuthal orientation and have
and energy of the water—acetone dimer when comparald to almost the same adsorption energy. It is unlikely then that
initio calculations®® The transferability of these parameters they correspond to the and 8 species, which are separated
to model the interaction with ice may be thus questionablein the TPD spectra by more than 20 K, thus indicating large
nevertheless, the adsorption energy that we found for thadsorption energy difference. They would probably corre-
acetone molecules is consistent with recent experimentapond rather to only one of the two species experimentally
investigation&®!* based on thermal desorption measure-observed. When one compares the calculated adsorption en-
ments(TPD) between 100 and 200 K. In these experimentsgergies(—41.8 kJ/mol at 150 Kwith the measured desorp-
Schaff et al. have shown that acetone is molecularly ad-tion energies {35 kJ/mol fora and —39+2 kJ/mol for
sorbed on the surface of annealed and unannealed ice depg&acetone specigsit seems reasonable to assume that the
ited on W(100) or P{111), with an activation energy equal to present results correspond rather to thepecies.
35%2 kJ/mol on the annealed surface and ta-29J/mol Moreover, besides TPD measurements, Fourier trans-
above the unnealed film of ice. These values are comparabferm infrared experiment&TIR) have also been conducted
to the present values of the adsorption energy for the monan order to investigate in detail the interaction between the
layer (equal to—41.8 kJ/mol at 150 K Note, however, that carbonyl group of acetone and the OH dangling bonds of the
the calculations have been done on hexagonal ice while, iite films!! These FTIR experiments have shown that the
the experiments, the unannealed and the annealed films cgB-acetone species is preferentially tied to an OH bond of ice,
respond rather to an amorphous phase and to the metastaliace the small IR peak corresponding to these dangling
cubic crystalline phase, respectively. In the calculations, wéonds disappears in the spectra upon acetone adsorption,
have also disregarded the presence of defects in ice. even at low coverage, for both amorphous and crystalline
The results of the present simulations compare fairlyice. Furthermore, at very low acetone exposures and on both
well with the experimental data available in the literature.ice surfaces, the acetone CO stretch is shifted to lower fre-
Such a comparison is partial, since as far as we know, nquency by about 14 ciit, which is consistent with hydrogen
experiment has been specifically devoted to the determindond to the carbonyl oxygen. The intensity of this low fre-
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guency peak saturates when the coverage increases, leadiatpms, while thea species would rather correspond to ac-

to growth of the IR peak at the bulk carbonyl frequencyetone molecules pertaining to additional overlayers. Indeed,

(1717 cm'1). a crystalline surface of ice is certainly smoother than an
Such a preferential bonding between acetone and the OBmorphous surface, and exhibits much less OH dangling

dangling bonds of the ice surface is consistent with the resutbonds®® Only few acetone exposures are thus necessary to

found here, since every acetone molecule in the monolayer aturate a crystalline surface of ice, to form a commensurate

attached to a dangling hydrogen bond of the ice surface, witlstructure as indicated by the present simulations, whereas

a distance Qacetong - - - H (watep distance equal to 1.81 many more acetone molecules are required to saturate an

A . The electrostatic contribution to the total adsorption en-amorphous surface of ice. Such an interpretation is consistent

ergy is about 80%. Moreover, each acetone molecular planeith the conclusions of Schaéit al'°**regarding the ability

(i.e. the plane containing the O and the three C ajoimis of an amorphous ice surface to adsorb the acetone molecules

tilted by about 70° with respect to tieaxis of the system, Wwhen compared to a crystalline ice surface.

leading to bent configuration for the C—O H—O bond. The

angle between the acetone molecular axis and the OH dan- CONCLUSION

gling bond is then equal to 110°, a value which is close to

the most probable orientation of acetone with respect to thcﬁ1 e

hydroxyl group(i.e., 120°) from a chemical point of view. mainly on structural properties at low coverages., one

Howeve_r, in our simulation, the G- H-O bond. IS not monolayer of acetone molecuje§he analysis of dynamical
linear, since the O atoms of acetone are laterally displaced by

. " ; >0 D¥formation such as velocity autocorrelation functions and
0.8 A with respect to the H position. Such a configuration

hich q di 4 hvd bond ¢ 'diffusion coefficients will be studied in a further work, to-
which corresponds to a distorted hydrogen bond, comes rorBether with a detailed study at higher coverage, especially in

the dispersion forces which te_nd to optimize t.he coordinatiorbrder to compare the ordering of the acetone overlayers with
of the acetone mqlecules with the underlying water rnOI'the acetone bulk structure. The present study on the adsorp
ecules. The resulting geometry of the acetone monolaygf,, of acetone on a crystalline surface of ice is in fair agree-
thus corresponds to a complete saturation of the hydrogeg,ent with previous conclusions based on experimental data.
bonds at the ice interface and we can infer that the strong gimijar modeling of the acetone adsorption on proton dis-
interaction with the ice surface is responsible for a shift of yrdered ice and on amorphous ice would certainly provide

the IR peaks of the acetone molecules, especially for the CQqmpjementary results for a better understanding of the ex-
stretch mode. Note that a careful theoretical analysis of thBeriments.

IR response of the acetone molecules in the monolayer,
coupled with an experimental study using polarized infrared ) ) )
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