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Structure and dynamics of ice Ih films upon HCI adsorption between 190
and 270 K. II. Molecular dynamics simulations
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Classical molecular dynamics simulations are carried out between 190 and 250 K on an ultrathin ice
film doped by HCI deposition with a coverage varying from 0.3 to 1.0 monolayer. These conditions
are similar to those defined in the experiments described in the companion paper. Within the
assumption that the hydracid molecule remains in its molecular form, the order parameters and the
diffusion coefficients for the O molecules are determined in the HCI doped ice film, and
compared to the experimental data. The residence times of HCI at the ice surface are also calculated.
Below 200 K, the HCI molecules are found to remain localized at the ice surface, while above 200
K, the HCI diffusion inside the film is easy and leads to a strong disorder of the ice structure.
Although the formation of hydrates cannot be interpreted by the present calculations, the lowering
of the ice melting temperature by 15 K measured in neutron experiments for an HCI doped ice film
is qualitatively explained by simulation results. )02 American Institute of Physics.
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I. INTRODUCTION formed @ 0 K on small aggregates HC[H,0), (n=1,2,3,

and 4 showed that a critical size of the aggregate=@)

. The adsprpuon of HCI on ice has been among the .mos\svas required to dissociate the HCI molecule by proton trans-
widely studied process connected to stratospheric sciencg

due to its larae influence on the chlorine broduction T Ter through the H-bond network of the @ molecules:1©
ue 1o 1is farge intiuence 93 € chiorine production respo Svanbercet al® also studied the sticking of HCI on the basal
sible for ozone depletioh.® From a theoretical point of

X . . plane of ice at 100, 150, and 200 K, using mix€M/MM)
view, one of the most challenging problem was to Oleterrnln%olecular dynamics simulations. They showed that HCI ion-

whether the adsorbed hydracid could diffuse in its molecular_ _. - g .
S . : . ization could be very efficient at the ice surface depending
form inside bulk ice or remained at the ice surface, beforeOn the binding process. The mechanism was stated as fol-
being ionized and ultimately dissociatéd? lows: if th Clg tp  the hvdracid Sound & .
Many studies were devoted to the calculation of the ag-oWs: ITthe Liatom of the hydracid was bound o one water

sorption energy, equilibrium configuration and surface resi-dangllng hydrogen, HCI adsorbed molecularly, while if two

dence times of HCl on ice using molecular dynamitD) dangling hydrogens were available at the ice surface, HCI

) < . .
simulations'® The results indicated the formation of a strong ¢0Uld dissociate to the Cl4@" contact 'on pair.
H-bond between HCI and a water molecule, for which the  Although the approaches of Hynesal." and Svanberg

8 . . . . .
hydracid acts as a proton donor without dissociating. Gertneft "_’Il' qu “'t_'ma“?'y,to HCl dissociation, the mechan|sm§ by
and Hyne& proposed a model in which the HCI molecules which this dissociation could occur were conceptually differ-
were encapsulated by the evaporated and redeposited wafgiit: They opened the question about the times which were
molecules at the surface of ice above 190 K. These autho@lowed for HCI surface adsorption, ice penetration, ioniza-
usedab initio simulations to show that the HCl ionization on tion and finally dissociation, depending on the structure and
ice at 190 K was thermodynamically favorable and kineti-dynamics of the condensed medium. Classical MD simula-
cally rapid at the ice interface. From the MD analysis of thetions were carried out to analyze the passage of the hydracid
enhanced rotational mobility of the water molecules at thenolecule from the a3dsorbed state towards the embedded
ice surface above 190 K, Kro€sconcluded that this mobil- state inside bulk ic&® The results indicated that the HCI
ity could be responsible for the very efficient adsorption ofMolecule was trapped at the ice interface at 200 K, for a
HCI on ice by allowing the hydracid molecule to dissociaterelatively long time -100 ps. No further diffusion of the
into ions at the ice surface. The resulting interaction betweeftydracid was allowed into the bulk. However, at the inter-
the CI ion and the surface could explain the high surfaceface, HCl adopted favorable configurations for proton trans-
coverages observed experimentalfb initio studies per- fer with its neighboring water molecules over a time scale of

about 3-5 ps.
; e 1l _
dAuthor to whom correspondence should be addressed. Electronic mail:. A” the pre\nous calculatiorts ™ were _performgd by an
claude.girardet@univ-feomte.fr sidering a single HCI molecule, thus disregarding the influ-
PAlso associated with the Universities of Aix-Marseille Il and 11 ence of collective processes. In fact, when HCI molecules are
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adsorbed on ice from submonolayer up to monolayer coveratom—atom Lennard-Jones interactions and of electrostatic
age, the water structure and dynamics should be dramaticaltgrms. These latter terms describe the interaction between the
modified. In the companion papépaper | (Ref. 14], an  electric field and field gradient created by the ionic substrate
experimental study based on quasielastic neutron scatterirgharges and the point dipoles and quadrupoles of the HCI
(QENS of HCI layers adsorbed on an ultrathin ice film de- and water molecule¥:*® The polarization effects between
posited on Mg@001) was made to understand this collective the adsorbate and the substrate have been disregarded since
influence. In the present paper, classical MD simulations aréhey have been shown to contribute by less than 15% to these
carried out to analyze the motions of HCI molecules ad-potentials and have not a dominant influence on the adsor-
sorbed on a water film supported on M@01) in the tem-  bate propertiet’*8The electrostatic interactions between the
perature range 190—-250 K. The simulations reproduce coradsorbate and the periodic substrate are expanded in the 2D
ditions similar to those realized in the QENS study. Thereciprocal space of the substrate, in order to achieve a fast
translational and orientational order parameters and the coconvergence of the calculations.
responding diffusion coefficients related to the dynamics of  The TIP4P model is used to describe the interactigg
the HCI and ice layers are first calculated using semiempirbetween water moleculéd The H,O—HCI interactiorv,,,, is
ical potentials. Then, the translational and orientational modescribed on the basis of the model proposed by Kroes and
bilities of the water molecules in the film are compared toClary* Three charges are distributed on the H and Cl atoms,
those determined from the evolution of the quasielastic proand on an additional site shifted along the HCI molecular
file shape with temperatur@aper ). axis, in order to represent the electrostatic interaction, and a
Let us mention that one advantage of classical MD rest§-exponential expression is used to describe the dispersion-
on the possibility to consider finite coverages, as in the exfepulsion contribution. For the HCI-HCI potentid},,, the
periments, although such calculations made the assumptiagectrostatic contribution comes from the interaction between
that the HCI molecules are not ionized in ice. In fact, there ispoint multipoles(up to the quadrupolar ordedistributed on
general agreement that hydracids like HCI and HBr might beH, Cl, and on the center of the HCI boAYANn atom—atom
ionized above 190 K. Such a feature should lead to severeennard-Jones potentfalrepresents the dispersion-repulsion
limitations in the validity of the present approach based orinteraction. For the set df,,, V,,, andV,, interactions,
molecular diffusion. Nevertheless, there is outstanding issuethe sum is performed in the direct space, with a cutoff dis-
in the literature about exactlyhenandwherethe molecules tance of 13.0 A which gives almost the same results when
are ionized. Therefore, it appears interesting to discuss thesing the Ewald summation procedéfeNote that the mod-
consequences of the presence of molecular HCI on the struels used here for water and HCI are not polarizable.
ture and dynamics of doped ice, i.e., without considering any
ionization process. This would allow us to distinguish in the
experimental data the signatures of the molecular and ion2. Details of the simulation

|zed| fogms ci{ t?he hgdt"’?f'd ?tzlecl\l/]llg' imulati . The main characteristics of our simulations have been
n Sec. ¥, the getars ot the simuations are given, already detailed in a previous paper devoted to the study of
and the results on the order parameters and diffusion coefﬂ[-he dynamics of a water film adsorbed on M@OL).*> They
cients are presented. The comparison between exp_erimentgle briefly summarized here. To be consistent with the ex-
measurements an_d cqlculated_ structural and dyr_‘?‘m'ca' IoroB’erimental coverages, the simulated water film contains 796
erties of the ice film is done in Sec. Ill. In addition, these moving molecules forming five layers on a rigid MgO sup-

results are also compared to MD simulations performed Orfbort. This film is about 18 A thick along theaxis normal to
pure ice!® and to those carried out for a single HCI moleculethe surface =0 is the MgO surface The (x,y) sizes of the

in ice.’? simulation box k=35.9 A andy=238.9 A) along the direc-
tions parallel to the MgO surface obey the requirement of

Il. MOLECULAR DYNAMICS SIMULATION commensurability between the five water layers and the sub-

A. Theoretical backgrounds strate geometry. This MD box corresponds to a repeated
patch of size 18,x 13a,, wherea;=2.99 A is the substrate

1. Interaction potential unit cell parameter. At the beginning of the simulation, 156

The system formed by the MgO substrate, the watewater molecules are arranged in a flat monolayer directly
molecules and the HCI molecules requires to define a set gibove the substrate, whereas the remaining molecules form
five interaction potentials, as four upper bilayers having the hexagonal structure of pure
ice. Each bilayer contains 160 water molecufe¥®

The HCI coveraged,q is defined with respect to the
whereV,,s and Vs are the water/MgO substrate and HCI/ number of Mg surface sites in the simulation b@e., 156
MgO substrate potentials, respectively, while the three othelg siteg. Three coverages are simulated in close similarity
potentialsVy,,, V,p, andV,,, characterize the }$0-H0, with the experimentgpaper ), namely, 0.3, 0.6, and 1.0 ML.
HCI-HCI, and HO—HClI interactions. These three values correspond respectively to 47, 94, and

The interaction potentialg,,s andV s between the bD 156 HCI molecules in the simulation box. Since the equilib-
or HCI molecules and the MgO substrate have been alreadyum distance between HCI molecules in the liquid phase is
detailed elsewher® 1" They are expressed as the sum of aaround 3.7 A2 a coverage of 0.3 ML corresponds approxi-
dispersion-repulsion contribution represented by pairwisenately to one complete layer of HCI molecules above the ice

V=Vt VpstVouTVppT Vi, (1)
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film. Note that in experiment$ the HCI coverage unitl

ML) is defined as 1 HCI molecule adsorbed per Mg surface 1.5
site. E 1.0
The translational equations of motion are solved using
the Verlet algorithm, and a predictor-corrector method base: £ 05
on the quaternion representation of the molecular orienta : 0.0
tions is used for the orientational equations of motion, with & L 10 —
time step of 2.2 fs. The admolecules are treated as rigig ’ %
bodies. Long time runs are performed, involving 250 000'§ o5 >
time steps(i.e., 550 p$ of equilibration and 100000 addi- g 2
tional time stepg220 psg of production for collecting the % [ 0,0 %
data. According to the experiments, simulations at eight dif-N L 10 %
ferent temperatures are carried out between 190 and 250 +& 5
£ o5
3. Structure and dynamics of the adsorbate
The translational ordering of the admolecules is studiec ;00
at each temperature through the analysis of the distributio 1.0
function p(z), wherez defines the distance of the admol-
ecule center of mass to the MgO surface plane. In the sanr P 05
way, the orientational ordering of the admolecules is charac L 00

terized by the distribution functions of the Euler angles de-
fining the orientations of the water and HCI molecules with 2(A)
respect to the absolute frame.
Moreover, in order to determine quantitatively the influ- FIG. 1. Distribution functiongin arbitrary unit$ p,, andpy, of the distance
ence of the HCI adsorption on the water molecules orderingtz (A) between the watefbroken curvg or HCI (full curve) molecular cen-
lcul lati d ori . | d ers of mass and the MgO surfagaken az=0), at different temperatures.
we calculate trans atlonaB_Q) an or|entat|ona $r) order The HCI coverage is equal to 0.3 ML. Arrows indicate artificial boundaries
parameters that characterize the displacements of the watgiiresponding to the ice/gas interface~(17 A), outermost bilayer £
molecules from their ideal positions in ice Ih, when the tem-~13.5 A), innermost layer £~6 A). Three regions are thus defined fbr
perature is increased®>2*For the perfect proton ordered ice =210 K, connected to surface sites, to core sites, and to MgOl/ice interface
. . . sites for the HCI molecules. The percentage of deposited molecules that lie
cryst.al,_ST andSg are normalized to 1, while they vanish for "> region is given.
the liquid.
The translational dynamics of the admolecules is
determined through the calculation of self-diffusion coeffi- gions. The number of HCI molecules in each region is given
cients from the linear behavior at long times of the meanby the area of the corresponding peakpjfr(z). These cal-
square displacements of the molecular centers-of-Aidss. culations indicate that most of the HCI molecul@8%) are
the same way, the orientational dynamics of the adsorbate lscated at the surface of the water filjpeakp, at 19.5 A.
studied through the calculation of the time autocorrelatiorAmong the remaining molecules, 26% are incorporated pref-
function C,(t) of the first Legendre polynomiaP,. This  erentially between the first two outermost water bilayers at
function is plotted in the logarithmic form since the orienta- 15.0 A, while 1% only are deeper in the filtat 11.5 A.

tional diffusion coefficient is associated with the limiting lin- Increasing slightly the temperature has a strong effect on
ear behavior of 0.51€,(t) at times much longer than the the ordering of the KD and HCI molecules. At 210 K, the
angular velocity correlation tim. doublet structure op,, disappears and it is replaced by more
or less visible oscillations, indicating an increasing disorder
B. Results of the water molecules. The distributipp(2) is spread out
] into the whole water film, and 7% of the molecules are
1. Structure of the adsorbed film trapped near the flat water layer close to the MgO surface

The distribution functiong,c (z) for the HClI molecules  (small peakpg at 4.5 A, while only 24% of the HCI mol-
andp,,(2) for the H,O molecules in the water film adsorbed ecules still remain at the gas/film interface. Above 227 K, the
on MgO are shown in Fig. 1 at various temperatures, and fopopulation of the distribution peak close to the flat mono-
a HCI coverage equal to 0.3 ML. The single peak evidencedayer saturate§34% of the HCI molecules and most of the
at 2.12 A inp,(2) at all temperatures corresponds to theHCI molecules lie inside the water film, with a nearly homo-
signature of the flat water monolayer adsorbed directly orgeneous distribution along ttecoordinate.

MgO. By contrast, the translational ordering of the upper  For larger HCI coverage®.6 and 1.0 ML, the distribu-
water layers strongly depends on the temperature. At 190 Kjon functionsp,,(z) andpyci(z) are given in Figs. 2 and 3
pw(2) exhibits regularly distributed double peaks character-as functions of temperature. Thetranslational ordering of
izing the successive water bilayers in the hexagonal icéhe water film appears to be nearly independent of the HCI
structure. At the same temperatum,c(z) exhibits three coverage, since,(z) exhibits the monolayer- hexagonal
main features around 11.5, 15.0, and 19.5 A, indicating thabilayer structure at 190 K and a disorder that increases up to
the HCI molecules are located into three well-defined rethe liquid-like behavior above 235 K, as already obtained
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FIG. 2. Same as Fig. 1 for a HCI coverage equal to 0.6 ML.
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FIG. 4. Translational order paramet8f vs temperature fofa) the whole
ice film and(b) the outermost layer, only. Orientational order param&ter
vs temperature fofc) the whole ice film andd) the outermost layer, only.
The different symbols correspond to different HCI coverage: 0(M}, 0.3
ML (@), 0.6 ML (<), and 1.0 ML(O).

centage of HCI molecules corresponding to this doublet is
still 73%, with a nearly equal percentage assigned to each
peak in the doublet.

At higher temperature, the HCI molecules diffuse

with the lower HCI coverage. The distribution functions throughout the water film and the same percentage reaches
Puci(2) for the larger coverages have also a similar behaviorthe flat monolayer a®,c,=0.6 and 1.0 ML. At 235 K, and

At 190 K and®,=0.6 ML, the HCI molecules are mainly for both coverages, around 55% of the HCI molecules are
located at the surface of the water film, since only 26% crosslistributed in the bulk ice film, while 19% remains at the
over the surface water bilayer, and no more than 2% pengas/ice interface. The intensity of the single pealpgf(2)
etrate deeper into the water film. When the HCI coveragelose to the MgO substrate, at around 4.5 A, corresponds to

increases to 1.0 ML, a doublet occursppc(z) at the ice

25% of the HCI molecules. For these HCI coverages, it ap-

surface, around 18.5 and 21.5 A which indicates that the HCpears that this distribution peak cannot be saturated in the
molecules form two layers above the water film. The pertemperature range of the present study, since its population

HCI p(z) [arb. units]

0.4 4

0,2

0,0 4

1%

26 %

24%

57 %

/\_”V‘*‘——

0 5 10

z (A)

15

L05

+ 0.0

water p(z) [arb. units]

FIG. 3. Same as Fig. 1 for a HCI coverage equal to 1.0 ML.

continuously increases with temperature up to 25@niit
shown).

The translationaS; and orientationalSg order param-
eters for the whole water filnftexcept the monolaygand its
outermost layer are given in Fig. 4 as functions of tempera-
ture and HCI coverage. At 190 K, the water translational
ordering decreases from 0.7 for the pure ice film to 0.4 when
the HCI coverage increases from 0.3 to 1.0 ML, as shown in
Fig. 4(a@). The disorder increases regularly withand be-
comes complete at 230 K for the pure ice film. This disor-
dering appears at 200 K when HCI is present. The same
behavior is observed for the outermost lay&ig. 4(b)],
which exhibits however much more disorder than the water
film, even at 190 K. Similar conclusions can be drawn from
the analysis ofSg [Figs. 4c) and 4d)] which shows that
rotational order totally disappears above 200 K, for the out-
ermost water layer as well as for the whole film.

Note that a singular behavior is obtained for,;,=0.3
ML [Figs. 4b) and 4d)]. Indeed, at 190 K, the outermost
water layer appears more structured than the pure ice film
surface. This feature can be interpreted as the result of a
competition between the HCI ordering influence at the ice
surface and the HCI disordering in bulk ice. Indeed, such a
HCI coverage corresponds approximately to the formation of
a monolayer which acts as a “ceiling” above the water film,
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@ 150 (a) éf 60 - (a) :z N (b)
vrg b 84%/ 7 g %" 3\ 1(=§40- \\\\Q\D\ﬂ
S g 201 \\g\n\ * 20 k\\ﬁmi;;
e 07 T T T 0 Iig—,}?ﬁg; 0 i
180 200 220 240 180 200 220 240 180 200 220 240
T (K) TK T(K)
150 b FIG. 6. (a) Mean residence tim&s) and(b) mean proportion of HCI mol-
@ 100 4 (b) /?% / ecules at the ice surface vs temperature, for the three HCI coverages: 0.3 ML
T & (@), 0.6 ML (¢), and 1.0 ML(0).
> 50 - o
=) <
& 04 : : | The translational diffusion coefficients for the HCI mol-
180 200 220 240 ecules, only, are shown in Fig(d), as a function of tempera-
T(K) ture and HCI coverage. Whatever the temperature, the HCI
& 500 * molecules are much more mobile than water, since the cor-
T 400 4 (c) o - responding values of the translational diffusion coefficients
o 300 4 o vy are one order of magnitude greater for HCI than fgOH
< U The shape oD, for HCI strongly depends on the coverage,
o 200 7 £73'\(‘ especially between 210 and 240 K, where three different
100 . T T behaviors are evidenced. Indeed, &g, =0.3 ML, the HCI
180 200 220 240 mobility is minimum around 220 K, and then increases sig-
T (K) nificantly. This behavior can be correlated to the distribution

functionp(z) shown in Fig. 1. Indeed, below 210 K, the HCI
FIG. 5. Translational diffusion coefficielt, (10 7 x cn's™) vs tempera-  mpolecules are mainly localized above the water film, where
ture as a function of HCI coveragé) for the whole water f_||m(b) for the thev are characterized by their own mobility. Above 210 K
outermost water layer, ar(d) for the HCI molecules. The different symbols y A Yy . ty. - ’
correspond to different HCI coverage: 0 ME), 0.3 ML (@), 0.6 ML (<), they penetrate into the water film, and reach the ice—MgO
and 1.0 ML(D)). interface where their dynamics is hindered by the interaction

with the water molecules of the flat monolayer. The satura-

tion of the distribution pealpg is obtained around 220-230
and tends to order the,® molecules of the surface by form- K, and this temperature corresponds to the minimum in the
ing additional H-bonds. As a consequence, the outermost wadCl mobility curve[Fig. 5(c)]. Above 220 K, both the trans-
ter layer that is in contact with the HCI layer is more orderedlational mobility of the surrounding water molecules, and the
than the same outermost layer of the free surface with darPwn dynamics of the HCI molecules tend to counterbalance
gling bonds. At higher HCI coverages, the strengthening othe trapping effect at the solid interface, leading to an in-
the outermost water layer by the HCI ceiling is nearly thecrease of the HCI mobility. For larger HCI coverag@s6
same due to H-bond saturation, but the molar fraction ofind 1.0 M), the saturation of the pegig near the ice—~MgO
HCI: H,0O inside the ice interface increases significantly.interface cannot be achieved and, above 210 K, a large
This HCI penetration into bulk ice disrupts the hydrogenamount of HCI molecules are spread out into the whole wa-
bond network of the outermost water layer, leading to a dister film. Since most of the HCI molecules are not trapped at
order increase in the bulk. This latter effect predominates irthe solid interface, their mobility is high due to the rapid
the competition with the HCI surface ordering, which resultsdynamics of the water molecules in the film. As a conse-
in a decrease of the order parameters of doped ice whefile€nce, no minimum is observed in the corresponding
compared to pure ice. curves.

3. Residence times of HCI at the ice surface

In order to characterize the dynamics of the HCI mol-
Figures %a) and 3b) show the calculated translational ecules, we have also calculated their residence times at the
diffusion coefficientsD, for the water molecules of the sup- gas/water interfacé.e., for z=17 A), as functions of tem-
ported ice film as a function of temperature and HCI coverperature and HCI coverage. The residence time of HCI is
age. It is clearly demonstrated that the translational mobilitydefined as the mean time spent by these admolecules in the
of the water molecules is strongly enhanced by the presenaasorption site characterized by the p@akn pyc(z). Note
of HCI, for all the temperatures higher than 190 K, in thethat the number of HCI molecules that are expelled from the
bulk as at the surface of the film. For instance, at 22K, surface site towards the gas phase has been found to be van-
increases by a factor of 6 whéh,c increases from 0 to 1.0 ishingly small(<1%) even at 250 K, within the simulation
ML. The curves of translational mobility for the water mol- duration. Therefore, the residence time mainly refers to loss
ecules behave similarly with the HCI coverage. A more ofof HCI from the surface to the bulk and not to the gas phase.
less monotonic increase of the diffusion coefficient is ob-  Figure Ga) shows that the average lifetime of HCI at the
served for all the coverages. surface of ice is nearly coverage independent, when this cov-

2. Dynamics of the admolecules
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erage does not exceed 0.6 ML. It strongly decreases with the Considering now the HCI behavior on/in the ice film, the
temperature, from about 60 ps at 190 K to a constant valustriking result shown by Figs. 1-3 is the different behavior
equal to 10 ps above 210 K. At higher coverag®,f  of the HCI kinetics in the film below and above 200 K. At
=1.0 ML), the lifetime behavior exhibits a similar shape, but 190 K, as already mentioned, the HCI molecules remain
the decrease is much less abrupt, from 50 ps at 190 K to 2apped at the ice interface, while at 210 K, the HCI diffusion
ps at 200 K. These features can be correlated to the evolutidnside the film is very easy. A further increaseTofip to 235
with temperature and coverage of the hydracid population ik does not change fundamentally the distribution shape of
the trapping site at the ice film surfagig. 6b)]. Such a HCI in the film. The equilibrium distribution is nearly
population is defined as the average proportion of HCl molteached around 230 K, with about 55% of HCI| molecules
ecules that stay at the surface sites during the whole simuldnside the core of the film, while the remaining percentage is
tion time, including the molecules that leave these sites anghared between the two interfaces. The relative proportion of
come back into them during the simulation. At 190 K, 70% molecules at the MgOlice interface is generally larger than at

of the HCI molecules lie at the surface site for the threethe ice/gas interface, whatever the initial HCI coverage for
coverages considered, whereas this population decreas@s,;<1.0 ML.
with temperature down to about 15% at 250 K for the two ~ The collective influence of the HCI molecules can be
lowest coverages, and to about 25% @&yc=1. These two  quantified by comparing the mean residence time of HCI in
proportions correspond to equilibrium situations for whichthe surface site, when a single HCl is present, with the mean
the number of HCI molecules at the surface site becom@mes obtained in the present paper by increasing the HCI
approximately constant. It may be outlined that this numbegose up to 1.0 MI[Fig. 6(@)]. At 200 K, the mean residence
varies significantly since it depends on the initial HCI dosetime for the single HCI molecule is around 90 st de-
deposited on the surface. Note that counting the HCI molgreases by one order of magnitude when the coverage in-
ecules gives approximately the same results as estimating thgeases up to 0.6 ML, and by a factor 4.5 at one monolayer
integrated area of the peaks in the distribution functioncoverage. This feature can be interpreted as the increasing
Prci(2). influence of the HCI/HO dynamics when the HCI dose in-
creases, while the strengthening of the mutual interactions
Ill. DISCUSSION between HCI molecules at 1.0 ML tends to limit the effect of
In the present classical MD simulations, new informa-this dynamics. At much higher temperatuie=250 K), the
tion is provided on the dynamic behavior of an ultrathin icevalues of the residence time vary from 2 to 6 ps according to
film doped by HCI molecules. This information can be com-the coverage and they are smaller than the value calculated
pared to previous calculatioliscarried out according to the for the single moleculéaround 20 ps*’
same approach for the same film of pure ice. Wien190 Before comparing the present results with the experi-
K, the quasihexagonal ice traps the HCI molecules at its freénental data, the limits of the classical molecular dynamics
surface, or in a less extent, at the outermost bilayer sitesimulations must be clearly defined. In contrast vaithinitio
whatever the HCI coverage. At higher temperatufe=00  approaches? the present technigue is unable to account for
K), the film structure appears more and more disordered, d§e chemical processes that are generally invoked regarding
shown by the behavior of the translational and orientationathe inclusion of HCI in water or ice. Especially, the ioniza-
order parametersFig. 4). The temperature range of tion of HCl and dissociation at the surface, interface or core
=190-200 K thus corresponds to an order—disorder transif the ice film cannot be taken into account. Diffusion in the
tion for the ice film structure at any coverag®,s<1.0 present model refers to the molecular species, and chemical
ML), with a sudden decrease of the order param&emnd  mechanisms that can dramatically influence this diffusion is
Sg. For comparison, these parameters for the pure ice filndisregarded. For the same reason, it is also impossible,
tend to vanish with a much smoother slope around 230 Kithin this model, to understand the formation of hydrates at
i.e., at a temperature that is significantly highe? This  the surface or into the bulk fildf:2°*°In addition, the po-
disorder can be assigned to the formation/breaking ofentials used to describe,8-H,0, H,0-HCI, and HCI-
H-bonds between HCI and 8@ molecules, instead of the HCI interactions are semiempirical, and the accuracy of the
most regular H-bond structuration between water moleculessimulation calculations rests on the accuracy of these poten-
Note that this feature, which indicates the influence of thetials. The TIP4P potential is generally considered as being
HCI molecule on the ice structure and dynamics, has beeamong the most simple and adequate form to account for the
already underlined by Gertner and Hyrids. addition, these ice properties, which can be used in simulatihslowever,
authors also discussed the influence of the HCI ionization oit is known to have some drawbacks, regarding especially the
the ordering/disordering process of the ice surface, assumingnderestimate of the surface melting temperature by around
however an infinite HCI dilution. 25-30 K3! Refined versions of this potential, including the
The diffusion coefficient of KO molecules in the HCI- polarization of the water molecules are available, which im-
doped ice film obeys the same law versus the temperaturerove the comparison with some experimental data on ice,
While its value is the same for the doped and pure films abut still fail to interpret other ice properti€é Since the sim-
190 K, a temperature raise strongly enhances the water diplest version of the TIP4P potential is used here, the present
fusion in the HCI-doped film. This indicates the highly dy- results should be regarded from a qualitative point of view,
namic nature of the §® motions in presence of HCI, when i.e., by comparing the HCI doped film properties relatively to
compared to a pure ice film. the pure film.
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Within the limits of the present approach, the compari-ometry, and the existence of pure ice and pure HCIBH
son of the experimental data obtained in pap&tdnd the  species when the HCI3® ratio was less than 1:6. Although
results of simulations carried out in the same conditions prothese experiments were conducted at too low temperatures to
vides some information on the molecular behavior of thepe easily transferable to stratospheric ice, they qualitatively
system “HCl-doped ice film.” At 190 K, the fact that the corroborate the strong influence of HCI on the water mobility
neutron scattering spectra indicates no appreciable distughown in simulations.
bance of the ice structure due to HCI adsorption can be in-
terpreted as the r.esult of the trapping of most of the HCIIV. CONCLUSION
molecules at the ice surface. Even 0r,c=1.0 ML, the
HCI molecules do not form an ordered phase, and the neu- For the first time, experiments and simulation calcula-
trons probe the ordered structure of the ice film, only. Wheriions have been performed together on the same system, i.e.,
T=210 K, the partial destruction of the Ih structure of ice & 5 BL thick ice film doped by adsorption of HCI molecules
observed in experiments can be explained by the easy diffilp to 1.0 ML, at the stratospheric temperatures ranging from
sion of HCI into the film, which leads to a large disordering 190 to 270 K. Within this context, it has been shown that a
of the ice structure. The fact that some order still persists innolecular interpretation of the & and HCI dynamics can
the film is assigned to the influence of the MgO supportbe reached, especially by explaining the temperature lower-
which, through the existence of the flat water monolayering of the doped ice melting when compared to pure ice. This
tends to keep an order in the innermost layers. Note, howstudy is probably too ideal when compared to the intricate
ever, that the HCI ionization could also participate to themechanisms that can be invoked in polar stratospheric
order loss in the filnf.Moreover, the calculations are able to clouds. It especially disregards the generally admitted situa-
interpret the mobility increase of ice with the coverage wherfion concerning the hydracid ionization at the ice surface,
O remains smaller than 0.6 ML, and the occurrence of avhich can only be taken into account in much more time
liquid phase around 250 K which accounts for about 30%-£0nsuming approaches. Such approaches, based on quantum
45% of the ice film thickness. Indeed, the profiles of icemechanical calculations, are however limited to infinite dilu-
density, the shapes of the order parame&rand Sk, and tion of HCI, a situation which is far from the present experi-
the values of the diffusion coefficients as functionsTadnd ~ Mental conditions.
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