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Structure and dynamics of ice Ih films upon HCl adsorption between 190
and 270 K. I. Neutron diffraction and quasielastic neutron scattering
experiments
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Universitéde Franche-Comte´, F-25030 Besanc¸on Cedex, France

~Received 27 June 2001; accepted 7 January 2002!

Neutron diffraction and quasielastic neutron experiments are performed to investigate the effect of
HCl adsorption on the structure and dynamics of an ultra-thin ice Ih film~5 H2O bilayers thick!
deposited on a crystalline MgO~001! substrate. Three HCl coverages have been studied 0.3, 0.6, and
1 monolayer~ML ! in the temperature range 190–270 K. At 0.3 and 0.6 HCl monolayer, no mobility
is measured atT<220 K. A translational mobility, which is a signature of a liquid phase, is observed
atT5250 K. This phase occurs 15 K below the surface melting temperature of the bare ice film. The
fraction of mobile molecules represents 30%~0.3 ML HCl! and 45%~0.6 ML HCl! of the film. At
1 HCl monolayer andT5220 K, HCl–dihydrate coexists with ice Ih, whereas atT5250 K the ice
film becomes amorphous and only 9% of the film is mobile. The results are discussed within the
context of atmospheric chemistry. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1454990#
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I. INTRODUCTION

The interaction of HCl with crystalline water ice ha
attracted much attention since the mid 1980s owing to
importance in heterogeneous reactions occurring on the
face of polar stratospheric clouds~PSC! and controlling the
amount of ozone in the stratosphere.1–3 PSCs are supposed t
be composed of nitric acid/ice mixture~PSC I!, likely nitric
acid trihydrate~NAT! or pure ice~PSC II!.4–6 It is believed
now that the surface of ice plays a crucial role in the ozo
chemistry involved in the annual depletion of both Antarc
and Arctic ozone6–9 and experiments have suggested t
HCl uptake on ice is limited to about the equivalent of o
monolayer surface coverage probably because of the w
solubility of HCl in bulk ice.8

Most of the experiments on the adsorption of HCl on
were done at much lower temperatures than those curre
considered in the stratosphere. Using infrared spectrosc
Devlin and co-workers10 identified the conditions unde
which molecular complexation (HCl/H2O) competes with
acid ionization. Below 50 K, the experimental results in
cated the stabilization of the molecular complex H
H-bonded to the ice surface oxygen sites, while above 60
HCl ionized and formed amorphous hydrate surface layer
a 1 : 1 composition. Graham and Roberts11–13 used tempera-
ture programmed desorption and single reflection Fou
transform infrared spectroscopy to investigate HCl uptake
both amorphous and crystalline ices between 120 and 18
They considered ultrathin~10–100 layer thick! films of

a!Also associated with the Universities of Aix-Marseille II and III.
b!Fax: ~33! 3 81 66 64 75. Electronic mail: claude.girardet@univ-fcomte
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ice deposited on the W~100! surface11,12 and on Pt~111! sur-
face,12,13 and they found that, within stoichiometric cond
tions, hexahydrate was present as an amorphous solid a
K. By increasingT (T5165 K!, amorphous hexahydrate wa
crystallized. If the H2O to HCl ratio was less than 1:6
two coexisting phases were detected, formed by nearly p
ice and nearly pure HCl–6H2O. George and co-workers14

studied the HCl adsorption on ice at temperatures rang
from 140 to 186 K, using laser-induced thermal desorpti
The ice film was deposited on Al2O3 substrate. AtT below
148 K, the HCl and H2O signals indicated rapid formation o
an HCl : 3 H2O trihydrate film, while the HCl : H2O ratio
changed continuously between 148 and 175 K, with no
servable stable HCl : 6 H2O hexahydrate. Between 180 an
186 K, HCl uptake on ice increased by a factor of 50,
effect which was assigned to a roughness increase of the
surface.

Rieleyet al.15 measured that the probability of reversib
uptake of HCl at the ice surface was nearly unity atT ranging
between 80 and 120 K, while under stratospheric conditio
measurements by Leu,16 and Hanson and Ravishankara17

reasonably agreed around a value of 0.3. It was found
water ice at stratospheric temperatures could take up a l
fraction of a monolayer and that adsorbed HCl was gener
dissociated to ions, formed hydrates and was highly react
HCl mobility measurements indicated that the value of
bulk diffusion coefficient of HCl was very sensitive to the ic
characteristics. This value was estimated around 10212

cm2 2 s21 at 158 K,18 equal to 2310213 cm2 s21 at T5188 K
~Ref. 19! and less than 10213 cm2 s21 for T5253 K,19 while
other experiments20 led to values ranging between 10212 and
10211 cm2 s whenT grew from 238 to 265 K. By contrast, n
3 © 2002 American Institute of Physics
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conclusive HCl mobility measurement at the ice surface
interface could be reached.

Using a combination of laser-induced thermal desorpt
probing and isothermal desorption depth profiling, the dif
sion kinetics of HDO on ultrathin~25–200 layer thick!
HNO3

2 and HCl2 dosed crystalline D2O ice multilayer
grown epitaxially on Ru~001! support was investigated b
George and co-workers21 in the temperature range of 146
173 K. The HDO diffusion rate was shown to be 30–
times slower in the presence of HNO3 than into pure D2O
ice, while it was 10–20 times faster in the presence of H
These results that quantified the influence HNO3 and HCl
doses corresponding to initial coverages of 0.5–5 layers
the desorption kinetics of D2O ~Ref. 22! and the diffusion
kinetics21 were then used to determine the H2O surface resi-
dence times extrapolated to stratospheric temperatures r
ing between 180–210 K. These times were shown to
much longer than on pure ice in the presence of HNO3 and
much shorter in the presence of HCl. Unfortunately, no
tectable surface diffusion kinetics for H2O could be mea-
sured with or without acidic impurities, and only an upp
limit for the diffusion coefficient less than 1029 cm2 s21 was
obtained at 140 K.

However and despite this wide experimental attention
is not perfectly known how HCl is incorporated into the i
lattice and how the ice lattice responds to the presenc
HCl on structural and dynamic points of view. Releva
questions are~i! whether the reaction mechanisms at the
surface are ionic or molecular and~ii ! whether the formation
of a quasiliquid layer~QLL! is required or not to explain the
large HCl uptake by ice under stratospheric condition, tha
around 190–200 K. The existence of a QLL at the surface
ice in presence of HCl has been proposed by Molina3 and
Abbatt et al.7 to explain the solvation of HCl and the ob
served large HCl uptake by ice crystals. However, sev
models supported by molecular dynamic simulations23–25

have suggested that a QLL was not required to induce
ionization at 190 K.

In a previous experimental work based on neutr
diffraction26 and quasielastic neutron scattering27 on a bare
ice film adsorbed on a MgO~100! crystalline substrate, we
have shown27 that the ice film presented a high degree
order at 190 K, whereas surface disorder and melting
curred at 250 K,T,265 K. It was found that, at 265 K, th
translational mobility of the surface water molecules w
close to that of bulk normal water determined at tempera
slightly above the melting point. The choice of considering
thin supported ice film instead of bulk ice crystal was d
tated by the possibility that it offered to study experimenta
a system whose size was comparable to the MD simula
box, making the comparison between experiments
theory more applicable. Especially, the simulations carr
out simultaneously showed27 that the effect of the MgO sub
strate changed only slightly the ice film behavior close to
ice/vapor surface as compared to the same ice film depo
on a bulk ice crystal.

In the present paper, we will focus our attention on t
effect of HCl adsorption on a similar ice film deposited
the same substrate. The amount of HCl deposited onto
Downloaded 13 Mar 2002 to 128.178.41.228. Redistribution subject to A
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ice surface will be in the submonolayer range owing to p
sible application to atmospheric chemistry. We will compa
the structural and dynamic modifications of the ice film u
der HCl adsorption with respect to pure ice in a large dom
of temperature including that of the stratosphere. Our aim
to determine the physical state of the ice surface in the p
ence of HCl at submonolayer coverage and at temperat
relevant to PSCs, and therefore, to contribute to the de
on its possible role with respect to HCl adsorption, solvat
and incorporation into ice crystals. In a companion pa
~paper II!,28 we will continue the study by presenting MD
simulations and a detailed description of the effects of H
adsorption on ice. The quasielastic and neutron diffract
experiments are described in Sec. II. The results are
sented separately in Sec. III. They are then discussed
gether and compared to simulation data.

II. EXPERIMENTS

A. Incoherent quasielastic neutron-scattering „QENS…

1. Experimental setup and sample preparation

Experiments have been performed at the Laborato
Leon Brillouin ~LLB ! at Saclay~France! on the time of flight
~TOF! spectrometer G6.2~Mibemol!. The wavelength has
been set to 8 Å (E051.28 meV! allowing a scattering vecto
rangeQ from 0.35 Å21 to 1.46 Å21. The energy resolution
of the spectrometer isDE539.4 meV. There is no ice nor
MgO Bragg reflection within the experimentalQ-range.

The MgO substrate that is obtained in our laboratory i
powder made of small cubes featuring very uniform~001!
facets, as shown in many adsorption experiments.29,30 The
neutron cell is a stainless steal cylinder with a diameter
2 cm and a height of 8 cm, that has been loaded with ab
5 g of MgO powder. After calibration of the powder usin
methane adsorption isotherm at 77 K,31 we can derive the
value of the total adsorbing area of the powder equal to
6 2 m2.

The normal H2O from Fluka, contains less than
31026% of organic impurities, and it is further purified b
many cycles of condensation atT>170 K, pumping, evapo-
ration, condensation. Hydrogen chloride used in our exp
ments is an HCl gas of ‘‘electronic’’ quality, 99.9% pure
coming from the Air Liquide company.

An equivalent five bilayers of hexagonal ice~BL! thick
film is formed by using classical volumetry as explained
Ref. 31. A calibrated volumetric system allows us to intr
duce the desired amount of water into the neutron cell. T
water introduction has been done at a MgO temperature
250 K. Once the desired amount of gas is introduced,
slowly cool down the system at 190 K, the temperature
which the hydrogen chloride is adsorbed. The HCl covera
unit (QHCl51) corresponds to one HCl molecule adsorb
per Mg surface site.

We have studied three HCl coverages, namely 0.3,
and 1.0 ML, at three different temperatures: 190, 220, a
250 K. All the spectra are obtained by subtracting the ba
ground signal due to the cell and MgO support. The count
times were about 14 h for each spectrum. The cryostat u
is a so-called ‘‘Orange cryostat’’ of LLB working with liquid
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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5145J. Chem. Phys., Vol. 116, No. 12, 22 March 2002 Structure and dynamics of ice upon HCl adsorption. I
helium and allowing to cool down the neutron cell fro
ambient temperature to 4 K. The temperature regulation
tem allows a temperature stability better than 531022 K.

2. Description of the QENS models and fitting
procedure

When a monochromatic incident neutron beam is sc
tered quasielastically by molecules containing hydrogen
oms, it measures the dominant incoherent scattering f
them. The spectra are thus dominated by the Fourier tr
form of the self-correlation function of the H atoms. In liqu
H2O, the scattering lawSincoh(Q,v) is generally written, in
the quasielastic region, as the convolution of two facto
St(Q,v) and Sr(Q,v),32 due to the translational and low
frequency rotational motions of the water molecules, resp
tively. The proton delocalization due to vibrations is tak
into account via the Debye–Waller factor. In this model, t
translational and rotational motions are decoupled, an
sumption that is questionable in water, but has to be mad
obtain a numerically tractable analytical model.33 The trans-
lational and rotational components of the scattering l
Sincoh(Q,v) give rise to a broadening of the experimen
elastic peak.

To reproduce the broadening due to the translational
tions we have chosen a Brownian molecular motion mod

St~Q,v!5
1

p

DtQ
2

v 21~DtQ
2!2

, ~1!

whereQ is the scattering vector,\v5DE is the energy gain
or loss of the neutron, andDt is the translational diffusion
coefficient. In the case of anisotropic atomic displaceme
we define the parallelDt

i and normalDt
' components of this

diffusion coefficient. Note that for a 2D diffusion,Dt
i50 and

Dt
'Þ0, i.e., the atomic displacements are confined in

plane.34 Integration of Eq.~1! over the isotropic distribution
of crystallite orientations is required to calculate the pow
average.

For the rotational component, an isotropic rotational d
fusion model is chosen, in which the water molecules
dergo free rotations limited by random collisions wi
nearest-neighbor molecules. The corresponding scatte
law is the superimposition of ad-function centered atv
50 and a sum of Lorentzian curves,

Sr~Q,v!5 j 0
2~Qr!d~v!1

1

p (
l 51

`

~2l 11! j l
2~Qr!

3
l ~ l 11!Dr

@ l ~ l 11!Dr #
21v2 , ~2!

where j l
2(Qr) are the spherical Bessel functions,r50.98 Å

~the O–H distance! is a radius of gyration for the water mo
ecule rotation,35 and Dr is the rotational-diffusion coeffi-
cient.

Finally, the theoretical scattering functionSincoh(Q,v)
must be folded with the triangular-shaped QENS instrum
tal resolution, before being fitted to the measured spectra
measure first the translational-diffusion coefficientDt at
small scattering vector values such asDt

'Q2!Dr . In these
Downloaded 13 Mar 2002 to 128.178.41.228. Redistribution subject to A
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conditions, the broadening of the elastic peak comes es
tially from the translational motion since the quasielas
broadening due to rotational motions vanishes at smalQ
values. It can be shown that the broadening obeys aDtQ

2

law.32 Next, the rotational-diffusion coefficientDr is mea-
sured for higher scattering vector values. The theoret
scattering function is compared to the measured spectra
order to find the best fit within all the experimentalQ-range,
we have varied three significant parameters:Dt , Dr , and the
proportion of liquid phase in the film. The mean-square d
placement̂ u2& in the Debye–Waller factor is taken equal
0.10 Å2 under our experimental conditions. This value
^u2& is somewhat intermediate between that of supercoo
water32 and that of ice films on Pt~111!.36

B. Neutron-diffraction experiments

The experiment was performed on the G6.1 two-a
powder spectrometer at the Laboratoire Le´on Brillouin
~LLB ! (l54.738 Å,DQ/Q51022). The MgO sample was
prepared according to the method described in the prev
Sec. II A. The adsorbing surface of the MgO powder sam
has been calibrated from a methane volumetric adsorp
isotherm measured at 77 K. We have found that our M
powder sample corresponded to a total area of about 4362
m2. Water introduction into the cell was performed atT
5250 K. Nevertheless, to increase the diffracted signal
to reduce background from incoherent scattering by H ato
we have used heavy water (D2O). Indeed, deuterium has
larger coherent cross section than hydrogen. The heavy w
used comes from Merck Company and it has a deutera
degree more than 99.95%. The water is further purified l
in the QENS experiments. The HCl gas is the same as
used in the QENS experiments.

Once the desired amount of gas was introduced,
slowly cooled down the system at 190 K to introduce t
same quantities of HCl gas as in the QENS study. Hence
condensed 0.3, 0.6, and 1 ML of HCl at 190 K and the stu
was performed at three different temperatures: 190, 220,
250 K. The counting times were about 12 h for each sp
trum. The diffraction spectra are obtained by the differen
between those of the substrate plus the adsorbate and
of the bare substrate plus the cell. The experimental diffr
tion peaks are adjusted by Gaussian functions. A le
squares fit method is used to determine the positions, in
sities and widths of the measured reflections. The Sche
formula allows us to correlate these widths with the cryst
lite size.37

C. Results

1. Neutron diffraction

We have studied the structural effect of the HCl adso
tion on the 5 BL thick ice film. Figure 1 represents the ev
lution of the thin ice film diffractogram vs the HCl coverag
at T5250 K. We can see an important decrease of the
~100! peak intensity when the HCl coverage increases.
QHCl51 ML the ~100! peak disappears completely, while
bump appears at the same position, i.e., atQ51.61 Å21. The
other broad bump visible at allQHCl values and situated a
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Q'1.99 Å21 could be attributed to the O–Cl distance equ
to 3.14 Å.38 However, our measurements cannot give a
information about the ionic or atomic nature of Cl.

We have noticed that the ice Ih diffractogram atT
5250 K ~Fig. 1! differs from a typical ice Ih powder spec
trum @Fig. 2~a!#. The peaks~002!, ~101!, and~102!, normally
situated atQ51.71 Å21, Q51.82 Å21, and Q52.35 Å21,
respectively, are extinguished in our spectra. One possib
is that the innermost part of the solid ice Ih film would b
very thin atT5250 K ~less than or equal to two bilayers!
while the other part of the film becomes liquid or amorpho
This hypothesis is supported by the shape of the calcul
powder spectrum in Fig. 2~b! corresponding to a 2 BLhex-
agonal ice film~calculated with a coherence lengthL5500
Å!. This spectrum exhibits a very intense~100! peak
whereas, the others reflections are quasiextinguished. In
ticular, the~002! peak cannot be observed because it is
broad due to the lack of long range order in the direct
perpendicular to the basal plane. The large bump situate
Q'1.75 Å21 represents the~101! peak not visible experi-
mentally within the signal/noise ratio available in our ne
tron measurements. Furthermore, the presence of the o
most liquid phase is evidenced by our QENS experime
performed under the same conditions~see Sec. III B!.

In Fig. 3, the evolution of the ice film diffractograms
shown vs the temperature for an HCl coverage of 1 ML.
T5190 K, the structure of the film corresponds almost e
actly to the hexagonal ice structure, with the occurrence
the peaks~100!, ~002!, ~101!, and ~102!. The coherence
length found from the Scherrer formula isL'500 Å. When

FIG. 1. Evolution of the neutron diffractograms of the 5 BL ice film vs t
HCl coverage atT5250 K. Experimental spectra are represented by cros
and the solid lines are the best fits. The position of the~100! peak is shown
by an arrow atQ51.61 Å21.
Downloaded 13 Mar 2002 to 128.178.41.228. Redistribution subject to A
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the temperature rises to 220 K, new diffraction peaks app
at largerQ values, which correspond to the hydrogen ch
ride dihydrate phase39 while the peaks assigned to ice d
crease substantially. At higherT (T5250 K!, all reflections
disappear and are replaced by three bumps. The film
comes completely amorphous and/or liquid.

2. Quasielastic neutron scattering

Using quasielastic neutron scattering, we have measu
spectra for different temperatures and HCl covera
~namely of 0.3, 0.6, and 1 ML!. At these coverages andT
5190 and 220 K, there is no measurable broadening of
peaks in the wholeQ-range, indicating no translational mo
bility in the 5 BL ice film. Nevertheless we cannot rule out
translational motion leading to a quasielastic broaden
smaller than the instrumental resolution (Dt<1026 cm2 s21!.

In fact, a translational diffusion mobility becomes me
surable atT5250 K. Figure 4 shows the evolution of th
QENS signal as a function of the scattering vector atT
5250 K and Fig. 5 displays its temperature behavior a
constant value ofQ51.110 Å21. The broadening of the elas
tic peak corresponds to a translational diffusion coeffici
Dt of 0.8 (60.2)31025 cm2 s21. The estimated proportion
of liquid in the film is about 30% for an HCl coverage of 0
ML, 45% at 0.6 ML and smaller than 9% at 1 ML. Th
rotational diffusion coefficient is equal toDr51.8 (60.3)
31010s21 at QHCl50.3 and 0.6 ML, and its value decreas

s

FIG. 2. Calculated powder spectra corresponding to~a! ice Ih ~hexagonal
lattice,a5b54.52 Å, c57.37 Å!; ~b! a 2 BL thick ice Ih film.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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to 7.0 (61.0)3109 s21 at QHCl51 ML. These values of the
translational and rotational diffusion coefficients are of t
same order of magnitude than those measured in Ref. 32
supercooled water at the same temperature~see Table I!.

D. Discussion

The neutron-diffraction experiments conducted atT
5190 K show clearly that, whatever the HCl coverage is,
structure of the ice film corresponds to ice Ih. This struct
appears to be unaffected by HCl adsorption, suggesting
HCl is mainly located at the surface of the ice film and do

FIG. 3. Evolution of the neutron diffractograms of the 5 BL ice film with a
HCl coverage ofQHCl51 ML vs temperature. Experimental spectra a
represented by crosses and the solid lines are the best fits. Peak (hkl) writ-
ten in italic correspond to the dihydrate phase.

FIG. 4. Evolution of the QENS spectra measured atT5250 K vs the scat-
tering vector, for an HCl coverageQHCl50.6 ML. Experimental spectra are
represented by full diamond symbols and the solid lines are the best fi
Downloaded 13 Mar 2002 to 128.178.41.228. Redistribution subject to A
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not penetrate the film. This experimental result is in ve
good agreement with the MD calculations presented in
companion paper.28 Simulations at 190 K show that 75% o
the HCl molecules are trapped at the surface of the ice fi
while the remaining 25% lie inside the outermost bilayer.

WhenT rises, no hydrate is observed at all temperatu
studied for coverages 0.3 and 0.6 HCl monolayers. AtT
5250 K, only the~100! peak of the ice hexagonal structu
remains. This result indicates that the ice film is thin, like
one or two BL thick, showing that the hexagonal structure
the ice film is destroyed except for the deepest layers clos
the ionic support. For an HCl coverage of 1 ML, the hydr
gen chloride dihydrate coexists with the hexagonal ice aT
5220 K. However, the absence of the~002! peak character-
istic of bulk ice still suggests that the ice Ih film is very thi
We interpret this feature by the fact that, only one part of
film corresponds to the hydrate phase, while the other p
corresponds to the hexagonal phase. As suggested by the
calculations presented in the companion paper,28 at T>210
K, HCl easily diffuses inside the ice film and destroys the
Ih structure, except close to the MgO support where so
order persists.

The existence of the dihydrate phase needs to be c
fronted to the bulk water/HCl phase diagram40–43 shown in
Fig. 6. We have reported in this figure our HCl concent
tions if we suppose that HCl has mixed uniformly inside t
water film. We see that, atT5220 K and 1 ML coverage, we
are in principle very close to the trihydrate domain, where

TABLE I. Values of the translational and rotational diffusion coefficientsDt

andDr vs the HCl coverageQHCl on the ice film atT5250 K. The corre-
sponding liquid proportions are given. The values ofDt and Dr for pure
supercooled liquid water at the same temperature are also given for c
parison.

QHCl ~ML ! Dt (1025 cm2 s21! Dr (1011 s21! Liquid proportion

0.3 0.80~60.2! 0.18 ~60.03! 30%
0.6 0.80~60.2! 0.18 ~60.03! 45%
1 0.80~60.2! 0.07 ~60.01! <9%

Water at 250 Ka 0.4 0.8 •••

aReference 32.

FIG. 5. Evolution of the QENS spectra atQ51.110 Å21 vs HCl coverage.
Experimental spectra are represented by empty symbols and the solid
are the best fits for each HCl coverage. The dashed line represent
experimental resolution.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



a
th

ci
o
he
e
on
th
s
C

m
xi
he
s
e
di
rm
ou
ns
ra
he
n

se
se

or

t

r-
n-
nce

l
a
t
uid

thus
r an
ex-
era-
s-

by
f

ld
ffi-

ce,
K.

cal

for
ec-

ture

al

. J.

H.

ol-

eo-

tio

di
e

5148 J. Chem. Phys., Vol. 116, No. 12, 22 March 2002 Demirdjian et al.
we do not observe the trihydrate but the dihydrate, inste
This discrepancy cannot be explained on the basis of
bulk phase diagram. However we cannot rule out spe
effects of the interfaces in such a thin ice film, especially
the MgO support which may influence the behavior of t
ice/HCl film, modifying the HCl concentration close to th
interfaces. These effects are corroborated by the simulati
Indeed, almost 45% of the HCl molecules are trapped at
gas/ice and MgO/ice interfaces while the other half is qua
homogeneously distributed in the bulk film. Hence, the H
concentration is larger in the interfacial regions.

At T5250 K andQHCl51 ML, the diffractogram does
not display any narrow diffraction peaks. The ice/HCl fil
probably becomes an amorphous solid phase, which coe
with a small amount of liquid phase. As indicated by t
QENS analysis, the liquid proportion is weak under the
conditions (<9%). An amorphous solid phase has nev
been reported, as shown in the bulk water/HCl phase
gram in Fig. 6. One possible explanation is that upon wa
ing, the HCl concentration becomes more homogene
moving our experimental point toward lower concentratio
If such is the case, and according to the bulk phase diag
shown in Fig. 6, our water/HCl film would have reached t
region of the liquids. That would mean that the diffusio
coefficient for this liquid atT5250 K is lower than 1
31026 cm2 s21, the smallest value ofDt we can measure on

FIG. 6. Equilibrium phase diagram for the HCl/water system as a func
of temperature and HCl molar fraction~see Refs. 39–42!. The present ex-
perimental molar fractions are shown by arrows. The symbols, empty
mond, empty triangle, empty lozenge, and full diamond, correspond to
perimental data issued from Refs. 41, 42, 43, and 40, respectively.
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the Mibemol QENS spectrometer. The 9% mobile pha
found in our analysis could well be a thin liquid layer clo
to the water/vapor interface.

For QHCl50.3 and 0.6 ML, the liquid proportion found
at T5250 K corresponds to a film thickness of about one
two layers~namely, 30% and 45% of the ice film thickness!.
Since the~100! ice Ih peak is still visible, we believe tha
only one part of the film is liquidlike with a mobility that is
close to the value of liquid water. MD calculations pe
formed in the companion paper show that this mobility co
cerns preferentially the outermost layers, i.e., the occurre
of the surface premelting.

In a previous paper,27 we have studied the dynamica
behavior of a 5 BL pure ice film, and have shown that
quasiliquid water layer of monolayer thickness exists aT
5265 K. In the present results, we show that this quasiliq
layer appears at lower temperature (T5250 K! and that its
thickness depends on the HCl coverage. This feature can
be assigned to the HCl/water interactions responsible fo
increasing disorder, via the entropic contributions. Our
periments indicate that, at the lowest stratospheric temp
ture (T'190 K!, there is no quasiliquid layer having tran
lational mobility of a normal liquid (Dt'1025 cm2 s21! at
the ice surface. The existence of a QLL was suggested
Molina et al.6 to explain the solvatation and the diffusion o
HCl in the ice crystals of the PSC’s clouds. If a QLL wou
exist at these temperatures, its translational diffusion coe
cient should be less than 1026 cm2 s21, i.e., the lowest de-
tection limit we can reach in our QENS experiments. Hen
we can reasonably rule out the existence of a QLL at 190
This conclusion is in agreement with previous theoreti
works by Kroes44 and Gertner and Hynes.23,24
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