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Abstract

In this laboratory study, 1 to 2 um thick polycrystalline ice films have been grown under
stirred flow reactor (SFR) conditions and subsequently doped with metered amounts
of HCI under static conditions. A multidiagnostic approach including FTIR absorption
spectroscopy in transmission, residual gas mass spectrometry (MS) and total pressure
measurement was employed. Depending on the growth protocol controlling both tem-
perature and partial pressure of HCI (Pyg)), either amorphous HCI/H,O or crystalline
HCI hexahydrate (HCI- 6H,0) have been obtained. After controlled doping with HCI and
evaporation of excess H,O from the ice film, transmission FTIR of pure HCI - 6H, 0 films
and use of calibrated residual gas MS enabled the measurement of differential (peak)
IR cross sections at several mid-IR frequencies (o = (6.5+1.9) x 107"° cm®molec™
at 1635cm™" as an example). Two types of kinetic experiments on pure HCI-6H,0
have been performed under SFR conditions: (a) evaporation of HCI-6H,0 under H,O-
poor conditions over a narrow 7 range, and (b) observation of the phase transition
from crystalline HCI-6H,0O to amorphous HCI/H,O under H,O-rich conditions at in-
creasing T. The temperature dependence of the zero-order evaporation flux of HCI
in pure HCI-6H,0 monitored at 3426 cm™ led to log(Jev) moleccm s~ = (36.34 +
3.20) — (80810 + 5800)/2.303RT with R = 8.312JK™ mol~". HCI-6H,0 has a signifi-
cant intrinsic kinetic barrier to HCI evaporation of 15.1 kJ mol~" in excess of the HCI
sublimation enthalpy of 65.8 kJ mol~' at 200K but is kinetically unstable (metastable)
at typical UT/LS conditions of HCI partial pressure (P(HCI)) and temperature. Water-
rich HCI-6H,O undergoes a facile phase transition from crystalline to the amorphous/
supercooled/disordered state easily observable at T > 195 K under both static and SFR
conditions. This corresponds to low P(HCI) in the neighborhood of 1077 Torr that also
prevails at the Upper Troposphere/Lower Stratosphere (UT/LS). The atmospheric im-
portance of HCI-6H,0 is questioned in view of its nucleation barrier and its depen-
dence on temperature and P(HCI) compared to the amorphous HCI/H,O phase.
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1 Introduction

Heterogeneous chemistry on ice surfaces has been intensely studied since the discov-
ery of its role in the processes occurring on polar stratospheric clouds (PSC’s). These
ultimately lead to the transformation of reservoir species of chlorine, such as HCI and
CIONO,, into atomic chlorine in the presence of actinic radiation which is known to de-
stroy the atmospheric ozone layer through a catalytic cycle (Solomon, 1990). PSC’s
form during the cold polar winter and are classified according to their composition
(Zondlo et al., 2000). They consist either of crystalline HNO3/H,O (type la), of ternary
H,SO,/HNO3/H,0 supercooled solutions (type Ib), or of pure H,O ice particles (type
II). Potential heterogeneous reactions involving adsorbed HCI (HCI(s)) and leading to
chlorine activation occurring on PSC’s include:

CIONO,(g) + HCI(s) — Cl,(g) + HNO4(s) (1)
HOCI(g) + HCI(s) — Cl,(g) + H,O(s) 2)
N,Ox(g) + HCI(s) — CINO,(g) + HNO4(s) (3)

These heterogeneous reactions are faster by orders of magnitude than their corre-
sponding gas phase reactions (Molina et al., 1985, 1987; Friedl et al., 1986) and are
relevant for the upper tropospheric-lower stratospheric (UT/LS) region of the planetary
atmosphere. The properties of the condensed phase are of great importance since
different molecular structures sharing the same stoichiometric composition may have
different chemical properties, a point of view ignored in earlier studies. Apart from the
stratosphere, the HCl/ice system may also be relevant for the UT (Borrmann et al.,
1996; Solomon et al., 1997).

Investigations have been carried out over the past years by employing particle sur-
rogates or model stratospheric films grown in the laboratory. The advantage of such
an approach is that controlled experimental conditions allow the study of thermody-
namic and kinetic properties of the condensate. Studies have been conducted employ-
ing flow tubes at low pressure (Abbatt, 1992) or high vacuum chambers in which pure
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ice films of different thicknesses have been grown and subsequently exposed to HCI
vapor. Among the latters, the majority has used Fourier Transform Infrared (FTIR) spec-
troscopy as a tool to qualitatively identify the molecular structure of HCI/H,O in situ. In
these studies transmission spectroscopy (Ritzhaupt and Devlin, 1991; Delzeit et al.,
1993; Koehler et al., 1993; Xueref and Dominé, 2003) as well as reflection-absorption
spectroscopy (Graham and Roberts, 1997; Banham et al., 1996) have been performed
and characteristic IR spectral features of amorphous and crystalline acid hydrates have
been found. When adsorbed on ice, HCI can give rise to a number of amorphous mix-
tures of different HCI: H,O ratio, depending on the amount of adsorbed HCI, and to
two crystalline hydrates, namely the crystalline hexahydrate (HCI-6H,0O) and trihydrate
(HCI-3H,0). A HCI/H,O phase diagram has been constructed (Molina, 1994) which
points out that the HCI trihydrate exists at higher HCI concentrations than the hex-
ahydrate phase and does therefore not seem relevant for the atmosphere. The above
cited spectroscopic studies have usually employed amorphous ice at low temperature
rich in dangling OH-bonds (Buch and Devlin, 1991) as the substrate exposed to HCI
vapor, while we employ polycrystalline hexagonal ice /, in the present study. The im-
portance of the ice substrate structure prior to doping with HCI has been pointed out by
Sadtchenko et al. (2000) and McNeill et al. (2007) because it may influence the nature
of the phase that may form.

X-ray absorption spectroscopy has provided the method of choice to distinguish the
molecular from the ionic nature of the HCI/H,O system: near edge X-ray fine structure
(NEXAFS) has shown that at 7 > 90 KHCI adsorbed on the ice surface and in the
bulk are both completely dissociated (Parent and Laffon, 2005; Bournel et al., 2002).
HCI hydrogen bonding with dangling OH-bonds of H,O at 90K has been found to be
responsible for only 20 % of the ionization events while another mechanism must drive
the remaining ionic dissociation into CI~ and H;O™ within the bulk, presumably ionic
solvation.

Recently, the uptake of acidic gases including HCI on ice has been exhaustively
summarized in view of abundant experimental facts (Huthwelker et al., 2006). As an
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example, the HCI uptake on the crystalline and amorphous phases of the HCI/H,O
system has been evaluated using laser induced thermal desorption (Foster et al., 1997)
as a tool to monitor the composition of the HCI/H,O films under study. Temperature
programmed desorption measurements (Banham et al., 1996; Graham and Roberts,
1997; Sadtchenko et al., 2000) have shown that two different desorption patterns are
found, depending on the amount of doping of the ice film with HCI: in the case of
a limited exposure to HCI, a single peak is found around 187 K, while in the case
of a prolonged exposure two different desorption peaks are visible at 160 and 190K,
where the first refers to a conversion of a lower hydrate structure into a new amorphous
6:1H,0 : HCI phase.

Combined experimental reflection-absorption IR spectroscopy (RAIRS) and theoreti-
cal DFT studies by Ortega et al. (2004, 2005) have helped to understand the molecular
and lattice vibrations that contribute to the IR absorption spectra of the HCI trihydrate
and hexahydrate crystals. Other experiments have addressed the behavior of HNO4
doped ice when exposed to HCI vapors (Ortega et al., 2006; Hynes et al., 2002).

It is crucial to determine which phase in the HCI/H,O system is relevant under atmo-
spheric conditions because the structure controls its heterogeneous reactivity taking
as an example Reaction (R1) (McNeill et al., 2006). It turns out that the amorphous
HCI/H,O phase is more reactive than crystalline HCI-6H,O under comparable HCI
and H,O vapor pressures. As previously noted (Koehler et al., 1993; McNeill et al.,
2007) HCI-6H,0 nucleation may require very low temperatures and may therefore
not occur under atmospheric conditions. In the present work we have investigated
the growth of HCI-6H,O on a thin ice film and find that it requires a temperature
less than 173 K. Another point that may have a significant atmospheric implication
is the thermodynamic stability of the crystalline vs. amorphous HCI/H,O phases. In
the present experiments, we have observed evaporation of crystalline HCI-6H,0 at
T > 187 K under SFR and water-poor conditions, that correspond to high HCI partial
pressures, typically exceeding 106 Torr. In contrast, we observe a crystalline to amor-
phous phase transition at 7 > 190 K under SFR and water-rich conditions correspond-
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ing to low HCI partial pressures. The latter HCI partial pressures in the neighborhood of
10~7 Torr are characteristic of the UT/LS so that we infer the importance of the amor-
phous/disordered/metastable HCI/H,O phase under these atmospheric conditions. The
discussion will emphasize newer results (McNeill et al., 2006, 2007; Henson et al.,
2007) published in or after 2006 in view of the review of Huthwelker et al. (2006) that
provides an excellent summary of our state of knowledge on the HCI/H,O system up
to this date. However, we will revisit older studies in the discussion as well in order to
support and interpret the present results.

2 Experimental
2.1 The reactor

The reactor (see Table 1) is identical to the one used by Delval (2003), apart from
a number of improvements which are described in Supplement 1. In short, it consists
of a high vacuum chamber where deposition of a thin film takes place on a temperature-
controlled Si substrate equipped with various diagnostics. A key feature of the reactor
is the presence of a single cold point, namely the Si surface, where condensation of
gases admitted into the chamber will occur and which affords a 1: 1 correspondence
between changes in the gas and the condensed phase composition.

2.2 Growth protocol for HCI-6H,0

The following protocol was developed in order to grow a pure crystalline HCI hexahy-
drate film (HCI-6H,0). First, a pure ice film of one to two microns thickness was grown
by backfilling the chamber with bidistilled water vapor for a few minutes, at typical flow
rates of 10'® moleculess™", with the Si optical support held at temperatures between
170-190 K. Due to the backfilling procedure in the static reactor, the film grew on both
sides of the support. The sample was then exposed to HCI vapor by backfilling the
chamber for a variable period of 1—2 min: this operation was performed under static,
17798
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that is no pumping, conditions, at typical inlet flow rates of 10" moleculess™'. After
each gas admission to the upper chamber it was briefly pumped for a few minutes in
order to remove excess HCI or H,O which remained adsorbed to parts of the internal
surface other than the optical Si-window. This procedure was chosen as the latter is
the only cold point in the chamber and the contribution of molecules evaporated from
the film was negligible at 170 K. As an example, the temperature of the PTFE insulating
the cryostat never decreased below 258 K when the Si window was kept at 170 K. Af-
ter deposition of H,O and HCI the system was set to stirred-flow reactor conditions by
pumping through the calibrated leak. The temperature of the Si window was then grad-
ually increased at a rate of approximately 1.5 Kmin~" to the desired value around 187 K
or above 190K, as the case may be, constantly monitoring the change in composition
of both the solid phase by means of FTIR absorption spectroscopy in transmission as
well as of the gas phase by means of residual gas MS.

Two distinct solid phases have been obtained and studied, namely an amorphous
and a crystalline structure, as a function of the pure ice film temperature at the mo-
ment of doping by a measured amount of HCI. For temperatures above 173K the
IR absorption spectra always showed features that could be attributed to an amor-
phous/supercooled (amHCI/H,0) state. Moreover, attempts to crystallize the thin film
starting from an amorphous sample by evaporating excess H,O molecules and an-
nealing the HCI/H,O sample were unsuccessful for T > 173 K. In contrast, for substrate
temperatures below 173 K at the moment of doping a new ordered phase attributed to
the presence of HCI hexahydrate (HCI-6H,0, HH) was obtained, with the first charac-
teristic IR absorption peaks visible within seconds after the start of doping with HCI.

17799

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiqg

Jaded uoissnosiqg

ACPD
13, 17793-17848, 2013

The metastable
HCI-6H,0 phase

S. Chiesa and M. J. Rossi

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

il


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/17793/2013/acpd-13-17793-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/17793/2013/acpd-13-17793-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3 Results and discussion
3.1 HCI hexahydrate growth and spectroscopic features

Ice deposited in the temperature range between 170 and 190K at typical rates of
10'® moleculess™" consists of polycrystalline /,, ice (Bergren et al., 1978). Sample
thicknesses of films under study range from a few hundred nanometers to a few mi-
crons, depending on the experiment. The main properties of pure ice films have been
experimentally verified by measuring the H,O equilibrium vapor pressure (Py,o) under
static conditions and comparing it to the values available in the literature (Jancso et al.,
1970; Marti and Mauersberger, 1993) in order to check the film temperature monitored
by a type T thermocouple. Subsequently, IR spectra were collected at different film
thicknesses in order to measure the IR optical properties of the thin ice film: the cross
section of the 3236.cm™ peak was measured as (8.0 £ 0.8) x 1079 cm? by comparing
the IR absorbance with the number of absorbers present in the solid phase. This was
done by completely desorbing the ice film and integrating the calibrated MS signal at
m/e 18 in order to obtain the total number of H,O molecules making up the ice film.
These results are in agreement with Delval et al. (2003). The evaporation rate of pure
ice was measured in the temperature range 173-190K by means of the MS at high
pumping speed (dynamic pumping), i.e. without condensation, and was found to be in
agreement with Delval and Rossi (2004).

When a pure ice sample is exposed to backfilled HCI of a few tenths of mTorr at
T <173 K under static conditions, changes in the IR absorption spectrum of the film
are immediately visible in the O-H stretch region (3000—3500 cm'1), as displayed in
Fig. 1, where traces a and b refer to pure ice and HCI-doped ice, respectively. In
the present case, a typical adsorbed HCI dose is 1.5 x 10" molecules correspond-
ing to approximately 546 molecular monolayers (ML), one monolayer corresponding to
2.7 x 10" molecule cm™ at 200K (Henson et al., 2004, 2007) compared to typically
3.1 x 10'® molecules of H,O cm™2 for a 1 pum thick film corresponding to 3100 ML. In
the transition from trace a to b one sees a sudden decrease in the intensity of the
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peak at 3238 cm‘1, which corresponds to the O-H symmetric stretch for pure water
ice, and the gradual appearance of two new peaks located at 3426 and 3365 cm~".
Meanwhile, a less intense but very sharp peak at 1635 cm™ starts to become visi-
ble which is associated with a bending mode of proton ordered waters of hydration
(Ritzhaupt and Devlin, 1991). Characteristic peaks also appear in the regions be-
tween 1100 and 1300cm ™" (mainly due to the H;O™ v, mode) and between 1700 and
2000cm™ (mainly due to the H;0*v, mode). All of these features, listed in Table 2, are
in agreement with those found in the literature (Graham and Roberts, 1997; Ritzhaupt
and Devlin, 1991; Koehler et al., 1993) and are attributed to crystalline HCI-6H,O (HH).

Minor differences in the published spectra are detected in the O-H stretch region,
where some groups (Ritzhaupt and Devlin, 1991) have identified four distinct peaks
while others (Graham and Roberts, 1997; Koehler et al., 1993) have found three as we
have in the present study. In the present work, the doping with HCl is performed directly
onto pure polycrystalline vapor-deposited ice in contrast to amorphous ice as in most
of the previous studies. The first spectral changes occur instantly under the present
experimental conditions as observed already during HCI backfilling. A temperature of
T < 173K is required for nucleation of crystalline HH in agreement with previous stud-
ies except that HH nucleation also occurs on polycrystalline hexagonal ice /. It does
therefore not seem to be necessary to start with pure amorphous ice at low tempera-
ture in order to obtain the formation of crystalline HCI- 6H,0.

Delval et al. (2003) have obtained a HCI/H, O crystalline structure similar to HCI- 6H,0O
using the identical experimental apparatus. However, the doping was performed at
190K by directed HCI injection across a dosing tube closely located over the pure
ice sample rather than by HCI backfilling. The FTIR spectrum obtained by Delval
et al. (2003) seems to be either a superposition of HCI-6H,0 (HH) with an unknown
ordered phase or two modifications of HH. lts FTIR absorption spectrum shows an
additional OH-stretch at 3549cm™" as well as a doublet at 1644 and 1618cm™' that
probably stems from splitting of the 1635 cm™ absorption band displayed in Table 3
and Fig. 2.
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When the sample temperature is gradually raised under slow pumping (SFR) condi-
tions across the bypass valve at a pumping speed for H,O of kgs.V = 0.13 Ls™"in order
to allow evaporation of the film, these new IR absorption peaks become more distinct
while the total absorbance at 3000cm™' decreases as a consequence of the evapora-
tion of H,O. From the observation of the MS signals at m/e 18 (H,O") and 36 (HCI")
we are able to monitor the number of evaporated H,O and HCI molecules which es-
cape through the calibrated leak into the detection chamber. The film is initially mostly
undergoing selective evaporation of excess water that is not bound to HCI, thereby en-
riching the film in HH units. We note that the evaporation of H,O takes place at a rate
characteristic of pure ice (Delval and Rossi, 2005) despite the presence of crystalline
HH on the ice substrate. At the same time, diffusion of HCI from the interface into the
film may further contribute to crystallization of additional HH (Uras-Aytemiz, 2001). We
point out that the HH spectra displayed in Fig. 2 are the only spectra corresponding to
pure HH after evaporation of excess H,O compared to all other HH spectra found in
the literature.

The absorbance decrease in the 3000-3500 cm™ region upon H,O evaporation is
stronger for the 3238 cm™ (red) peak relative to the two neighboring (blue) peaks at
3426 and at 3365cm™ ' so that the intensity of the red absorption band finally decreases
in amplitude below the latter two. Changes in the overall shape of the IR spectrum occur
only at the beginning of the evaporation of the sample. After a certain time, the overall
shape of the IR absorption spectrum given by the peak ratios does not change as the
film evaporates (see Fig. 2). We take this as an indication that a pure phase of constant
composition has been obtained once the shape of the IR absorption spectrum ceases
to change. In particular, the ratio of the absorbance of the peaks at 3426 to 3238 cm™
(Isans/ lap3) @and 3365 t0 3238 M ™" (/3365//a35) decreases from the initial value less
than one to a constant value of approximately 1.6, which is constant until the end of
evaporation. We therefore assume that we are in the presence of a stoichiometrically
defined film of HCI-6H,O whose spectrum is preserved FTIR transmission measure-
ment is thus suitable to determine the defined stoichiometry of the sample whereas the
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shape of the IR bands in reflection-absorption at grazing incidence (RAIRS) (Ortega
et al., 2004; Graham and Roberts, 1997) strongly depend on the sample thickness and
optical constants of the ice film. A small change in total sample thickness will strongly
influence the RAIRS spectrum, even when the film is not undergoing any change in its
composition.

The growth of a HCI-6H,0 film at T < 173 K under static conditions (backfilling) is
accompanied by the presence of pure ice. Continued doping of a H,O/HH film with HCI
did not lead to quantitative conversion of the film into crystalline HCI-6H,0 but led to
the decay of the crystalline film to an amorphous phase, characterized by a heavily
distorted IR spectrum (see below) at temperatures where HCI-6H,0O was stable. This
may be explained by the fact that the diffusion of HCI across the crystalline HCI-6H,0
layer is the rate limiting step in the continuing conversion of ice to HH (Uras-Aytemiz,
2001) after initial formation of a HCI-6H,0O crystalline layer on top of the film. If HCI
is available in excess, it accumulates in the uppermost layer of the film, causing the
nucleation of an amorphous, liquid-like phase. Vuillard (1957) also reports on long
times during which bulk HCI-6H,O needs to reach equilibrium.

3.2 HCI hexahydrate IR cross sections

In order to determine the IR absorption cross section of pure HCI-6H,0 we started the
measurement after evaporation of excess H,O in the HCI/H,O binary system and once
the shape of the IR absorption spectrum ceased to change (Fig. 1e). After HCI doping
film thicknesses typically decreased from 1 to 2 um to approximately 400 to 800 nm
after H,O evaporation. Thereafter, we periodically collected IR spectra of H,O-poor HH
during its evaporation in the vicinity of typically 190 K and compared the IR absorbance
to the total number of water molecules in the condensed phase by desorbing the film.
The amount of HCI in the film was based on the assumption of a 6:1=H,O:HCI
stoichiometry. Therefore, the expected HCI concentration during film evaporation is
equivalent to one sixth that of H,O.
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The total number of water molecules of evaporating HCI-6H,0 is determined by
using a calibrated MS signal 1'® at m/e 18. As there is only one cold spot in the reactor,
namely the Si substrate for the film, we are confident that the latter is the only source of
gas phase H,O. Thus, we obtain the absolute rate of H,O evaporation in molecules per
second by analyzing the calibrated MS signal /"8 during evaporation of the film. Upon
integration of /'® over time we find the total number of molecules N, that evaporated
from the film after a given time:

Niot = //18(T)dT (4)

Using a mass balance argument for H,O we calculate the number of molecules N,‘j,‘:”Od
still present in the condensed phase at time ¢ from the beginning of the experiment at

to:
t

N = Ny - [ @) 5)

to

In a similar fashion, we may relate the IR absorbance of H,O-ice to the column density
of a HCI-6H,0 film. We have assumed a 6 : 1 composition of H,O to HCI consistent
with the spectroscopic assignment because we were unable to quantitatively deter-
mine the amount of adsorbed HCI using the MS signal at m/e = 36. We have therefore
inferred the 6 : 1 H,O : HCI stoichiometry from a MS spectroscopic measurement of the
number of condensed H,O molecules in the HH film, given that the HH spectral sig-
nature in the IR had already been well established in previous studies (Ritzhaupt and
Devlin, 1991; Delzeit et al., 1993; Koehler et al., 1993; Graham and Roberts, 1997). In
subsequent work we have experimentally determined the amount of HCI in these ice
films using mass balance coupled to the HCI adsorption isotherm for HCI interacting
with the internal surface of the SFR (lannarelli et al., 2013).
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The relationship between the absorbance and the number concentration of HH units
is linear according to the Beer—Lambert law following Eq. (6);

I(A) = Io(A)e~"oNd (6)

where /, and / are the IR beam intensities before and after passage through the sam-
ple respectively, 1 is the wavelength, n is the concentration in molec cm_s, o(A) is the
differential IR cross section in cm”molec™" at wavelength 1 and d is the sample thick-
ness in cm. By plotting 2.303 times the absorbance, log [/5(1)//(1)], as a function of
nd, the numerical value of o(1) will be given by the slope of the fitted line (Fig. 3).
A 30 % overall uncertainty in o is attributed mainly to the MS measurement and its
associated integral. In Table 3, differential IR absorption cross sections are given for
different wavenumbers in terms of HH units.

From the data of Koehler et al. (1993) we calculate a peak differential IR absorption
cross section of 5.6 x 107 '° cm?molec™" at 1635cm™". This value was obtained using
the measured optical density of 0.095 at 1635 cm™ ' across a HCI-doped 900 nm thick
ice deposit and making the assumption that each formula unit of HCI-6H,O comprises
seven molecules out of the doped ice film. This number compares favorably with ¢ =
(6.5+1.9) x 107"® cm® molec™" measured in this work at 1635cm™". The integration of
the differential IR absorption cross section from 1621-1657 cm™' obtains an estimate
of the integral IR absorption cross section of 1.4 x 1072% cm® molecule™ using a full
width-half maximum bandwidth of 33cm™" centered at 1635+2cm™". We compare the
intensity of the antisymmetric O-H stretch vibration v5 which is the most intense of all
three fundamental vibrations at 3426 cm™" for pure HCI-6H,0 with 3236 cm™! for pure
ice. In fact, the o value for pure HCI-6H,0O at 3426 cm™' from Table 3 is a factor of
2.087 smaller than one sixth the value of o for pure ice at its peak of 3236 cm™'. This
decrease in absorption strength in the 3000 cm™ region is clearly visible at the start of
HCI-doping of a pure ice film at HH growth conditions (7T < 173K) as may be seen in
Fig. 1 for spectrum (a) and (b) taken about 1—2 min apart in consecutive FTIR scans.
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In Table 4 we present data for the experiments displayed in Fig. 3 and Table A2.2
in Supplement 2 in order to bracket the HCI content of doped ice using mass balance
arguments. An upper limit for the dispensed HCI dose upon admission to the reactor
has been obtained by monitoring the decrease in the HCI partial pressure in a cal-
ibrated volume and is displayed in the second column of Table 4. The actual dose
deposited on the ice film may be lower as not every admitted HCI molecule may lead
to crystalline HCI-6H,0 in the presence of excess H,O in the film. Typical upper limits
are on the order of (1.0 —2.0) x 10" molecules. Smaller values for the amount of HCI
present in the film are found when considering the difference in absorbance immedi-
ately before and after the exposure to HCI using the cross sections for pure ice and
HH at 3236 and 3238cm ™, respectively. In this case we obtain a typical HCI range of
(0.9-1.4) x 10" molecules as displayed in the fourth column of Table 4. The following
expressions have been used in the assessment of the number of HCI-6H,0 formula
units or HCI concentration in ice:

2.303AA = (An"205M20 4 s AnHH gHH) () (7)
— An"20 = gAnHH (8)
2.303AA = AnfH(gMH — 66M™20)(d) = An™=0 (620 - (1/6)c™H)(d) (9)

where AA, AnHH, AnHZo, oHH, 2% and (d) are the change in IR absorbance, the
change in HH and H,O molar concentration, the differential IR absorption cross section
of HH and H,0O, and the optical pathlength, respectively. Both AA and (oHH —60H20)
are known (Table 3) and enable the determination of AntH given in column 4 of Table 4.
When starting with a pure HH film such as in Fig. 2 o0 may be set to zero and the
measurement simplifies. The typical amount of HCI at the start of a pure HH evapora-
tion experiment is obtained by taking one sixth of the integrated number of evaporating
H,O using calibrated MS intensities. This leads to approximately (0.5 — 1.5) x 10" HCI
molecules shown in the fifth column of Table 4. This implies that part of the initially
admitted HCI ended up as adsorbate on the internal walls (stainless steel) of the SFR
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in agreement with the HCI adsorption isotherm for the SFR chamber (lannarelli et al.,
2013). For the calculation of the IR absorption cross sections the HCI concentration
values in column 5 of Table 4 have been used.

3.3 HCI hexahydrate kinetic and thermodynamic properties

We have taken the MS signal of H,O at m/e 18 under SFR conditions, which is propor-
tional to the net evaporation rate Rgft molecs™ cm™2, and related it to the equilibrium
partial pressure of H,O in the chamber, F.,(H,0). SFR conditions lead to a net evap-
oration rate because the H,O condensation rate constant is significant compared to
the (slow) pumping rate constant k,s.VV = 130 cm®s™ across the leak. The relationship
between the absolute (A,,) and net rate of H,O evaporation (Rgft) in the presence of

ice is given in Eq. (10):

Rg\?t = Rey = Keond[H20ss (10)
where jo’t and R,, are the net and the absolute H,O evaporation rates, respectively, in
molecs™'cm™3, Ksong IS the condensation rate constant in s ' and [H,O]ss corresponds
to the partial pressure of water in the reactor under SFR (= steady-state) conditions in
molec cm™>. It turns out that we are operating close to equilibrium at typical exper-
imental conditions from 185 to 195K. This is primarily due to the small escape rate
constant across the leak (kggc s™"), and to the low value of R, owing to the low sub-
strate temperature which renders evaporation and condensation rates competitive. The
equation that relates the equilibrium water vapor pressure £, (H,0O) to its steady-state
value under stirred-flow conditions, Py (H,0), is given in Eq. (11):

Peq(Hzo) = Pys(HoO)(1 + Kosc/ Keong) (11)

Using koo =0.0555™" and Kgo,q = 0.98s™" at 193K for H,O on pure (C) ice con-
densed from the vapor phase (Delval et al., 2003), P, is only 5.6 % higher than the
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measured P, which is a negligible correction for P (H,O) given the uncertainty in
the measurements. However, for an ice surface doped with HCI k,.q is significantly
smaller according to Delval et al. (2003). Although we have not measured kg,,q in the
present work, we estimate that at 193K k,,q is a factor of five smaller for HCI/H,O
ice compared to pure ice in analogy to results obtained in the H,O/HCI system by
Delval et al. (2003). We obtain kg = 1.0/5 ~ 0.20 for the HCI-containing system and
therefore apply the correction factor Peq/PSS = 1.281 to the SFR data.

According to the HCI/H,O phase diagram (Hanson and Mauersberger, 1990; Molina,
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1994; McNeill et al., 2006) the experimental results point to the existence of HH (HCI - 6H20)§ e e EEl bk o e
with variable amounts of ice according to the measured partial pressures of both HCI
and H,0. Of special interest are the conditions where the system finds itself on one of (§ ——
the coexistence lines with respect to the relevant phases, namely ice/HH or HH/HCI tri- - | TWePage
hydrate (TH). For the former, the dependence of the vapor pressure of HCI, P, (HCI), %’
on the temperature is given in Eq. (12) whereas F., (H,0) is given by pure ice be- '
cause both phases, namely pure ice and HH/ice, share a common value of H,O vapor —
pressure P, (H,O). :
manﬂﬂcn/dU/T)=<6AH°b. -AHObHH)/R==-65820/R@nnor1K-U 12) &
where AHY, i, =50.93 and AHY, 1, = 371.40kJmol™" are the standard enthalpies » T
of sublimation of ice and HH at 200K given by Wooldridge et al. (1995). For the co- 3
existence of HH and TH the corresponding equations for the temperature dependence
of both P, (H,0) and £, (HCI) are given in Egs. (13) and (14). In this case the vapor
pressure of H,O is lower than that of pure ice because £, (H,O) is shared between
(2}
dinP,,(H,0)/d(1/T) = (Angb’ i~ AHY, HH) /(-3R) =54733/R(mol~'K~1) (13) §
U
QO
E

dmadevdmﬂ)=(mw&um—smﬁmHQ/w—@R=—«mmyﬁumm4K4) (14)
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where Angb, tH = 207.20kJ mol~" is the standard heat of sublimation for TH. Wooldridge
et al. (1995) have given an accurate estimate of the basic thermodynamic parameters
needed for the calculation of the temperature dependence of both H,O and HCI in
the presence of HH and TH. In applying Egs. (12)—(14) it is important to recognize
that “sublimation” in relation to Angb’ v and Angb’ ny refers to the hypothetical phase
transition of ALL components, namely H,O and HCI, whereas HCI sublimation from
HCI-3H,0 and HCI-6H,0 alone requires only 54.7 and 65.8 kJ mol™', respectively,
when H,O is left behind as crystalline water ice.

We note that P, (H,0) of a mixture of pure ice and HH, so-called H,O-rich HH,
where some excess H,O is still present, is that of pure ice. After evaporation of excess
water P, (H,O) over pure HH is identical within experimental uncertainty to pure ice
once Py (H,0) has been multiplied by 1.28 in order to obtain £, (H,O) (see above).
Figure A2.1 in Supplement 2 displays a summary of £, (H,O) based on measured val-
ues of P, (H,0) above HCI-6H,0 over a narrow temperature range of 7 K. This range
is narrow because at T > 195K the decay of the crystalline HH structure owing to ther-
mal decomposition prevents measurements at higher temperatures (see Sect. 5.3),
while at T < 185K ARy, (Eq. 10) was immeasurably small. Values for P, (H,O) for pure
ice were set numerically equal to steady-state H,O pressures (P, (H,O)) because the
correction according to Eq. (11) only amounted to an upward scaling by 5.6 %. In con-
trast, we have chosen to apply the correction factor of 1.281 to P, (H,O) for ice doped
with HCI (see above).

Figure A2.2 displays a van’t Hoff plot of P, (H,O) over HCI- 6H,0 in coexistence with
H,O ice. Eq. (13) predicts a reaction enthalpy corresponding to the difference between
the heats of sublimation for HH and TH of 54.8 kJmol ™" as opposed to 51.0kJ mol™" for
the coexistence of ice with HH. From the slope of the fitted line in Fig. A2.2 we obtain an
enthalpy of sublimation Angb (H,O)=55.7+10.5kJ mol~! when we discard the outlier
at 188K (low value). Very clearly, the precision of the present temperature dependent
data does not allow a choice to be made between the two coexistence lines owing to
too narrow a temperature range. However, the absolute values displayed in Fig. A2.1

17809

Jadedq uoissnosiq | Jadedq uoissnosiqg | Jaded uoissnoasi(

il

Jaded uoissnosiqg

ACPD
13, 17793-17848, 2013

The metastable
HCI-6H,0 phase

S. Chiesa and M. J. Rossi

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/17793/2013/acpd-13-17793-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/17793/2013/acpd-13-17793-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

suggest a value of £, (H,O) identical to pure ice within experimental uncertainty cor-
responding to the ice/HH coexistence. In practice, values of Peq(H,O) between the
two coexistence values may occur, depending on the chemical composition of the solid
phase.

The multidiagnostic nature of our experiment offers the opportunity to measure the
decay of the optical density of HH under SFR conditions. In fact, by monitoring the
decrease in the IR absorbance as a function of time at different IR absorption peaks
of pure HCI-6H,O during its evaporation, we have a measure of the number of H,O
and HCI molecules evaporated from the solid phase. Results from two typical experi-
ments are presented in Fig. 4 following the rate of change of the IR absorption peak at
3426cm™'. The evaporation takes place at a constant temperature of 191 and 193K
and a linear decrease of absorbance with time is observed, except for minor oscilla-
tions attributable to small variations in temperature. This indicates a zero order rate
law, usually characteristic of the evaporation kinetics of a pure bulk phase. The slope
at different temperatures in the range 187.5-193K is plotted in Arrhenius fashion in
Fig. 5 and summarized in Table 5.

The change in absorbance A at a given characteristic peak of HH, for example at
3426cm™ is given in Eq. (15) as follows:

2.303AA = nc™Md /dt((d)) = 6"Hu,, (HCI) (15)

where n, O'HH, d) and J,, are the number density (molecule cm'3), the differential ab-
ev

sorption cross section at wavelength 1 (cm2 molec'1), the optical pathlength (cm) and
the evaporation flux (molec s cm_2) of HCI, respectively. The decay of A corresponds

to reaction (16) which describes the sublimation of HCI from HCI-6H,O with Angb =

65.4 and 65.8 kJmol~' at 300 and 200K, respectively, according to Wooldridge et al. (1995)

HCI-6H,06 — H,O(s) + HCI(g) (16)

Thibert and Dominé (1997) find a value of AhSHCI =63.7+7.6kJmol™" that they call
“partial enthalpy of HCI sublimation” which is identical within experimental uncertainty
17810
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to the Wooldridge et al. (1995) value and pertains to Eq. (16). This process does not
correspond to true sublimation because water remains in the condensed phase. The
release of HCI upon evaporation cannot lead to reformation of crystalline HCI-6H,0
and corresponds to a spontaneous irreversible process for T > 173K in agreement
with its growth conditions at T < 173 K. This spontaneous decay according to Eq. (16)
is induced by HCI evaporation as the rate-limiting step in the HH decay and is thus
responsible for the phase transition of crystalline HCI-6H,0 to a metastable amor-
phous/supercooled phase (amHCI/H,0).

Table 5 lists the obtained values of J,, (HCI-6H,0) molec cm~2s™" using 6™ of 2.3x
1078 cm?molec™" at 3426 cm™" that are plotted in Fig. 5 in Arrhenius fashion resulting
in a HCI evaporation flux given in Eq. (17):

logJ,, (HCI-6H,0) = (36.34 + 3.20) — (80810 + 5800)/2.303RT,R = 8.312JK™ " mol~’
(17)

1

with an activation energy £, = 80.8 + 5.8 kJ mol~'. This analysis excludes an outlier at
190K as indicated in Table 5. Despite the small temperature range of 5.5K the data
reveal a significant T-dependence as may be seen from Fig. 5.

Figure 6 displays an alternative approach which shows an Arrhenius plot of the ratio
r vs. 1/T. The ratio r is defined as r = Joo' (H,0)/Jg, (HCI-6H,0) and describes the
relative change in the evaporation rates referenced to pure ice (Pratte et al., 2006).
Figure 6 reveals an activation energy £, = -29.5+9.6 kJ mol™" which, taken together
with E, (H,0) =49.8 £5.4kJ mol™", results in an absolute value of E,=49.8+295=
79.3+11.1kdmol~". This value for E, relative to the evaporation kinetics of pure ice
is identical within experimental error to the absolute value of £, = 80.6 + 5.8 kJ mol™
obtained from the decay of the FTIR absorption (Arrhenius plot of Fig. 5). The two data
treatments lead to results that are identical within experimental uncertainty despite the
narrow temperature range.

Table 5 displays the evaporation flux J,, (HCI-6H,0O) in molecular units resulting
from the decay kinetics of the IR absorption band at 3426 cm™'. In order to compare
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Jey (HCI-6H,0) = J,, (HCI) with the corresponding value for pure ice we have to con-
vert RS or Jo&! from Eq. (10) to their absolute values R,, and J,,. We calculate R,
using Keong = 1.0 s~ for pure ice at 193K (Delval et al., 2003) according to Eq. (18)
and take note that the ratio of the evaporation flux is identical to the H,O evaporation

rate ratio:
Jev/‘jg\?t = Rev/’qg\?tleads oA, = Rg\?t“ + kcond/kesc) (18)

Using the numerical values mentioned above for k., and k.,,q We obtain Jg, /Joc' =
18.82 for H,O evaporating from pure H,O ice. These values are displayed in column
5 of Table 5 (J,, (H,0)). We believe that the above correction factor for the conversion
of Jgft (H,0) to Jg, (H,O) will not significantly change over the narrow temperature
range of the present study because neither k. nor k.4 Significantly change over
AT =5.5K (Table 5). Figure 7 displays the HCI evaporation fluxes J, (HCI-6H,0) (this
work) and J,, (H,O) for pure and HCI-doped ice leading to an amorphous phase (Delval
et al., 2003) as well as J,, (HCI) for HCl-doped amorphous phase ice in the relevant
temperature and pressure range. Using the data of Fllckiger et al. (1998) this HCI
evaporation flux is given in Eq. (19):

logJ,, (HCI) = (20.6 +2.1) — (21967 + 4800)/2.303RT,R = 8.312JK~"mol " (19)

These evaporation fluxes are plotted as straight lines in the Arrhenius representa-
tion in Fig. 7 except for the break around 190 + 2K for pure ice (Pratte et al., 2006).
Jev (HCI) of this work corresponding to crystalline HCI- 6H,0 intersects the shallow line
corresponding to J,, (HCI) from an amorphous phase (quasi-liquid layer) at 7 = 195K
(Fluckiger et al., 1998) and thus explains the crystalline to amorphous phase change
observed in the FTIR absorption spectra discussed below. Assuming that the purple
line Jg, (HCI-6H,0) for HH decomposition through HCI evaporation is the rate-limiting
step, the reaction path first follows the steep purple line starting at the low temperature
end up to 7 = 195 K. Subsequently, HCI evaporation from HH follows the shallow green
17812
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line for T > 195K upon phase change from crystalline HH to amHCI/H,O (see below).
Owing to the irreversible reaction (16) leading to gas phase HCI, the inverse reaction
cannot reform crystalline HCI-6H,0 at this temperature, but instead leads to adsorp-
tion of HCI on ice resulting in an amorphous or “quasi-liquid layer” whose evaporation
kinetics has a lower activation energy and is given above (Fluckiger et al., 1998). Pure
HCI-6H,0 is stable at T < 173 K but irreversibly decomposes at 7 > 173 K. At this point
the reader is reminded that the measured steady-state pressure of HCl and H,O is only
5% lower than its corresponding equilibrium values according to Eq. (11). Therefore,
the present experimental conditions are close to equilibrium under SFR conditions.

We have the significant result that the activation energy E, for HCI-6H,0O evapora-
tion, as observed from the decay kinetics of the IR absorption spectrum, is significantly
larger than expected based on the thermodynamic value of Angb’HH = 65.4kJmol ™
according to Eq. (16). We expect that £, for HCI condensation onto HCI- 6H,0 should
be close to zero at 190K or even slightly negative akin to HCI interacting with pure ice
with £, inthe range -7.5+1.3t0 -13.0+1.3kJ mol ™" (Fluckiger et al., 1998). However,
the measured activation energy for HCI-6H,O thermal decomposition is larger than
expected and implies that the inverse of reaction (16) will have a substantial intrinsic
barrier of approximately 80.6 — 65.8 = 14.8kJ mol~' above and beyond the thermody-
namic limit of 65.8 kJmol™" at 200 K. Figure 7 also shows that J,, for HCl and H,O are
not comparable as J,, (H,0) is roughly two to three orders of magnitude larger than the
corresponding J,, (HCI) (lannarelli and Rossi, 2013). This means that the rate-limiting
step in HH decomposition is HCI evaporation according to Eq. (16) and remaining so
after phase transition from crystalline HH into amHCI/H,O. This turnover occurs at or
around 195 K when the reaction path changes from the purple to the green path dis-
played in Fig. 7.

3.4 Amorphous HCI/H,0 phase

When the exposure of a pure polycrystalline ice film to HCI is performed at tempera-
tures higher than 173K, the resulting IR absorption spectrum is significantly different
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from HCI-6H,0, as shown in Fig. 8. The peak at 3230cm™' decreases in intensity,
but at the same time the whole O-H stretch region broadens upon uptake of HCI. The
two small peaks above 3300 cm™" are not visible anymore as in HH case and collapse
to a shoulder on the blue side of the 3230cm™ peak. The region between 1600-
1800cm™" does not show distinct features, but rather displays a broad peak. This be-
havior is characteristic of a less ordered structure and is attributed to an amorphous or
supercooled phase.

During evaporation of water the HCI/H,O film becomes more concentrated in HCI:
the 3238cm™" peak becomes less prominent and finally indistinguishable from the
broad peak in the 3000-3500 cm™ region, but no frequency shift has been observed.
In the final stages of evaporation (Fig. 8e), the spectrum resembles the one found in
the literature for a 4 : 1 H,O to HCI solid mixture (Xueref and Dominé, 2003; Ritzhaupt
and Devlin, 1991) in the vicinity of 190 K. In some cases, a significant increase of the
absorbance in the high energy wing (between 3500 and 4000 cm_1) is an indication
that the surface morphology of the film is rough, and therefore leads to light scattering.
A similar phenomenon of surface roughening has been presented in a recent study
(McNeill et al., 2006).

A further comparison may be made with respect to the spectrum of an amorphous
HCl/ice system obtained by backfilling the chamber with a gaseous mixture of H,O and
HCI vapor in the ratio 10: 1. A film grown in this fashion on the Si window at a temper-
ature of 180 K shows features characteristic of a 4 : 1 mixture (see Fig. 9). The fact that
the film is more concentrated in HCI in comparison to the injected initial gaseous mix-
ture may be partially explained by the different values of the uptake probability y on ice
for H,O and HCI, in analogy to the findings of Xueref and Dominé (2003). At 190K y¢
on ice has a value of 0.34 (Fluckiger et al., 1998) while v}y, is approximately 0.25 for
vapor deposited ice (Pratte et al., 2005). However, the more important effect may well
be the significantly smaller value of J, (HCI) compared to J,, (H,O) on such films as
presented in Fig. 7. IR spectra obtained by co-deposition of water and HCI vapor lead-
ing to amorphous mixtures are identical to those obtained by HCI doping of a pure ice
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film discussed above, provided that the temperature is kept above 173 K. This points
towards the thermodynamic stability of the amorphous thin film in this T-range.

3.5 Crystalline to amorphous transition

A number of experiments have addressed the stability of the crystalline HCI-6H,0
structure. Pure HCI-6H,0 films were grown as discussed above and the temperature
was slowly raised under static conditions. In contrast to evaporation at 7 = 187 £ 0.5K
(as displayed in Fig. 2), where the IR spectral shape does not change with decreasing
film thickness, thermal decomposition occurs when the temperature is raised to 200 K
under static conditions (Fig. 10). The spectrum of an initially pure HCI-6H,0 film dis-
played in Fig. 10 shows a significant contamination by an amorphous phase which is
particularly evident in the 1600-1900 cm™ region, where the sharp 1635 cm™ peak
becomes progressively less visible as the 1900 cm™’ absorption becomes broader and
shifts towards lower wavenumbers. The absorbance in the region around 1200 cm™
decreases and tends to broaden. The overall O-H stretch region becomes broader,
as in the amorphous case. We suggest that the IR absorption spectrum is due to the
superposition of two separate contributions, namely crystalline HH and amorphous
HCI/H,O. Raising the temperature increases the amorphous component at the ex-
pense of crystalline HH.

The exact temperature at which the transition between the crystalline HH and the
amorphous HCI/H,O phase occurs depends on the particular experiment, especially
on P(HCI), in agreement with the HCI/H, O phase diagram: for SFR pumping conditions,
the crystalline-to-amorphous phase transition begins to occur at 195 K. Owing to the
HCI evaporation-induced irreversible decay of HH, the optical density characteristic of
HH already noticeably decreases at T > 195K for static conditions as well, similar to
SFR conditions. We reiterate that under static conditions £, (HCI) may reach levels
that are higher by 5 % compared to P, (HCI).

The IR spectrum of the amorphous mixture in Fig. 10 is somewhat distorted and
in some regions (for 2500 < v/[cm‘1] <3200 and v > 36000m'1) looks like that of
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a first derivative curve. This phenomenon may be explained by anomalous dispersion
of light on the film surface. The absorption spectrum may be corrected by employing
the Kramers—Kronig relations to separate the n and kK component of the complex index
of refraction (77 = n+ ik), which takes into account refraction (n) and absorption (k),
respectively. In our case, however, it would be difficult to apply this treatment for the
reconstruction of the reflection spectrum from the observed transmission spectrum.
Due to the sample preparation by backfilling, the present films grow on both faces of
the Si window and therefore multiple reflections at each interface of the optical system
vacuum-ice-Si-ice-vacuum should be taken into account. A similar treatment has been
developed by Toon et al. (1994), which requires the knowledge of the refractive index
of the thin film and the coherence degree: this last parameter, in particular, has not
been determined in our experiment. We therefore present the raw recorded transmis-
sion spectra of Fig. 10 at 200K and stress that anomalous dispersion of light on the
film surface is only found in this case, but not at lower temperatures. This may mean
that the HCI - 6H,0 film undergoes a phase transition which may lead to an increase in
the surface roughness, probably leading to the formation of a highly granular structure
or a quasi-liquid layer that influences the optical properties of the film. This result is
similar to the findings of McNeill at el. (2006). In that work, the roughening effect of HCI
has been studied using an ellipsometric technique and a smooth transition between
the crystalline and the liquid phases has been observed, visible by the progressive
formation of a liquid-like layer on top of the film.

Figure 11 displays both the phase transition as well as the HH evaporation exper-
iments as pathways in the HCI/H,O phase diagram (Molina, 1994) that we have ob-
tained under SFR conditions in addition to the ones at static conditions discussed
above. The lines represent specific experimental pathways, with P, (HCI) generally
increasing with increasing temperature. The squares refer to the presence of crys-
talline HCI-6H,O monitored by IR transmission, whereas the circles refer to the pres-
ence of amorphous HCI/H,O. Because the phase transition takes some time at lower
temperatures we observe the coexistence of both HH and amHCI/H,O during phase
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transition which is marked by the juxtaposition of the blue squares (HH) and red circles
(amHCI/H,0). As previously pointed out, McNeill et al. (2006) have found that only the
innermost part of the “ice” region in the HCI/H,O phase diagram is actually composed
of a crystalline or “non-disordered” structure. The present observations confirm this by
identifying the boundary region between pure “ice” and HCI-6H,O as an amorphous
HCI/H,O phase monitored by FTIR spectroscopy in transmission. Other investigators
using different diagnostic methods have referred to this region of the HCI/H,O phase di-
agram as quasi liquid layer or disordered structure (Molina, 1994; McNeill et al., 2006).

The green symbols in Fig. 11 pertain to HH evaporation experiments in which the
temperature was slowly raised. It seems that the low temperature “starting point” of
the experiment at the corresponding value of initial P, (HCI) determines the fate of
the HH sample under SFR conditions and increasing temperature. The different ini-
tial conditions have been obtained by letting H,O evaporate under SFR conditions for
different lengths of time during HH preparation (see Sect. 2.2). On the one hand the
HH samples at high P, (HCI) correspond to a H,O-poor HH sample (green points) and
are going to evaporate akin to data shown in Fig. 2 without prior phase transition to
amHCI/H,0. On the other hand, the H,O-rich HH samples at atmospherically relevant,
thus low P, (HCI) represented by blue squares at low temperature undergo a phase
transition at increasing temperature to amHCI/H,O. According to Gibbs phase rule we
have a three phase system (gas phase, crystalline ice and HH) of two chemically dis-
tinct components (HCI, H,O) which will lead to a single degree of freedom, namely
the composition of the condensed phase. We therefore conclude that the initial H,O-
content of the mixed ice/HH system determines the fate at increasing temperature.
Water-poor HH evaporates without phase transition whereas water-rich HH undergoes
a phase transition to amHCI/H,O. The dividing line between the green and the blue/red
symbols in Fig. 11 seems to be parallel to the ice/HH coexistence line and pegged
to Poq (HCI) =1.0x 107" Torr at 170 K. Whenever there is “excess” H,O as in water-
rich HH/ice the evaporating HCI interacts with the ice and nucleates an amorphous
HCI/H,O phase that is more stable than HH. However, Fig. 11 also shows that for
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phase transition experiments at 7 = 178 K the conversion takes place at approximately
190K according to the kinetics given in Eq. (17) despite the fact that the system is
already in the ice disordered region beyond the ice/HH coexistence line.

As far as J,, (HCI) is concerned, the kinetics of the phase transition HH amHCI/H,O
at increasing temperature may be described by the turnover from Eqgs. (17) to (19)
at approximately 195K as displayed in Fig. 7 and discussed in Sect. 3.3. Fllckiger
et al. (1998) have measured both J,,(HCI) and the corresponding HCl accommodation
coefficient ayc or rate constant k,ys(= ko) for HCI adsorption on amHCI/H,O using
both continuous HCI dosing at steady state (k) or real-time pulsed HCI admission in
pulsed valve experiments (k,qs). Table 6 lists Po(HCI) in the range 190 to 210K in both
low dose (LD) and high dose (HD) experiments, typically corresponding to HCI doses of
5x10'* and 5x10'® and higher, respectively. The steady-state experiments correspond
to low dose exposures. F, (HCI) as a function of T displayed in Table 6 identifies the
pertinent region in the HCI/H,O phase diagram displayed in Fig. 12 where the black
diamonds and the inverted red triangles correspond to HCI LD and HD experiments.
The phase diagram in Fig. 12 clearly shows that the HD experiments address the true
liquid HCI/H,O state whereas LD pertain to the ice/liquid coexistence or quasi-liquid
(QLL or disordered) state. We therefore identify the green line in Fig. 7 with J, (HCI)
for the QLL state. Fluckiger et al. (1998) found that J,, (HCI) was identical for both
LD and HD experiments whereas values for k.4, are different. HD experiments have
a significantly smaller value for k,qs compared to LD experiments, hence their higher
HCI vapor pressure, which puts them definitely into the true liquid region (inverted red
triangles).

Table 6 also reveals the thermochemical parameters for HCI/H,O explored by Fluckiger
et al. (1998) in the range 190-210K. It is instructive to compare the heat of evapora-
tion of HCI (AH? in Table 6) with the negative of the tabulated heats of solution of
HCI at different solute concentrations (Wagman et al., 1982). From Table 6 we ob-
tain AH? = -34.8 and -29.3kJmol™" for HD and LD experiments, respectively, which
corresponds to a H,O/HCI ratio of 1.25 and 1:1 in solution at standard conditions.
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These concentrations correspond to a 61.5 and 66.7 % (wt) HCI/H,O mixture for HD
and LD experiments, respectively, in comparison to a saturated solution of 67.3 %(wt)
at 4°C (Perry et al., 1997; Matheson 1980). Owing to the high solubility of HCI in
H,O the heat of solution strongly depends on HCI concentration and attains a value of
—74.87 kJmol™" at infinite dilution of HCI, roughly a factor of two higher than the heat
of solution in the HD and LD experiments. Assuming that AH? does not substantially
change with temperature relative to standard conditions we conclude that for both types
of experiments a concentrated HCI/H,O solution or phase is in equilibrium with the gas
phase. Whether the aqueous HCI concentration is significantly different between HD
and LD experiments or not, we are unable to state at present owing to the uncertainty
of the relative thickness of the HCI/H,O phase.

McNeill et al. (2006, 2007) have for the first time connected reactivity and struc-
tural/morphological features of ice films. They have shown for the binary HCI/H,O sys-
tem that a large part of the “ice” existence area on the fringes to the solution coexis-
tence line was disordered in nature, thus perturbed by the presence of adsorbed HCI
in the QLL state. As a result, heterogeneous reactions involving HCI occurred signifi-
cantly faster in the QLL region compared to the non-disordered region in the core of
the “ice” existence region. A case in point and a relevant example is Reaction (1) which
is the most important reaction in polar ozone depletion chemistry. In direct response to
a query posed by McNeill et al. (2006) we ascertain that the rectangle represented by
the blue broken line in Fig. 12 was the area of the phase diagram explored by Oppliger
et al. (1997) in which the large uptake coefficient y, for Reaction (1) had an inverse T-
dependence. Typically, y4 was in the range 0.14—-0.24 and 0.26—-0.34 at 200 and 180K,
respectively, for concurrent flow experiments of HCI and CIONO,. The lower limit of
the range corresponds to a stoichiometric flow of HCI whereas the upper limit corre-
sponds to an excess of HCI by a factor of three relative to CIONO,. We conclude that
the results obtained by Oppliger et al. (1997) are comparable to McNeill et al. (2006)
for Reaction (1) occurring in the disordered region of the HCI/H,O phase diagram.
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Regarding the uptake of HCI on ice by itself (yyg) Fluckiger et al. (1998) have ob-
tained similarly large numbers as for Reaction (1), namely yyc = 0.50 and 0.050 for
the QLL/disordered state and the true liquid state at 185K, respectively. In contrast,
Yher = 0.025 was measured for the true liquid state at 200 K. These kinetic results are
labeled by purple symbols in Fig. 12 and reveal an inverse T-dependence similar to y;.
These kinetic values are presented here because fast laminar flow tube methods are
not suitable to establish differences in large values of y. Together with y; the results
on yyg underline the strong tendency of pure ice to interact with HCI or to undergo
a bimolecular heterogeneous reaction involving HCI in the QLL/disordered state. How-
ever, yyc decreases roughly by an order of magnitude when HCl interacts with the true
liquid state.

A point of contention in the HCI/H,O phase diagram at low temperatures is the no-
tion of a molecular monolayer of HCI on top of the ice film at saturation because most
experiments do not provide any information on the thickness of the disordered region
that is more reactive compared to the core non-disordered region of the “ice” existence
area. A consensus value of (2-3) x 10" molecule cm™ at 200 K seems to prevail, with
some values being significantly larger. Flickiger et al. (1998; Fig. 10) obtain 3.1 x 10"
at 185K for the QLL phase (purple point in Fig. 12) for vapor-deposited ice. Others
obtain (2.0+£0.7) x 10" in the range 215 to 230K (Hynes et al., 2001), (1.1 £0.6) x 10"
at 201K (Lee et al., 1999), 2.5 x 10'* at 208 K (Abbatt et al., 1997), 2.3 x 10'* at 180K
increasing to 2.7 x 10" at 200K (Henson et al., 2004). However, larger values for the
HCI coverage are sometimes obtained on some vapor-deposited ice samples. Exam-
ples are 5x 10'* at 200K (Hanson et al., 1992), 1.0x 10'° at 200 K (Abbatt et al., 1992)
and (7.3+1.6) x 10" at 183K (Foster et al., 1997). This shows that temperature, mor-
phology and HCI partial pressure may have an influence on the saturation coverage of
HCI on ice without going into any detail. However, vapor-deposited ice is certainly the
most atmospherically relevant substrate despite some disparate results on the satura-
tion coverage. Therefore, a thorough characterization and knowledge of the substrate
is important when comparing results from different laboratories.
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Finally, a comment on the often evoked nucleation barrier to HCI-6H,0 shall be
made that sometimes precludes the observation of HH despite the fact that the ex-
perimenter chooses the correct parameters for HH growth from the HCI/H,O phase
diagram (Foster et al., 1997). Henson et al. (2004, 2007) have prepared high surface
area amorphous ice deposited from vapor at 85 K and subsequently annealed samples
using different protocols in order to obtain bulk ice samples whose BET surface area
varied from 8-80 m2g_1. After admitting controlled amounts of HCI second harmonic
generation (SHG) was used to monitor phase changes at the air—ice interface. Henson
et al. (2004, 2007) identify the observed phase changes with the formation of HH at
temperatures and F, (HCI) where we either did not see formation of HH using FTIR
absorption or where we observed too fast a decomposition of HH thin films according
to Eq. (17). We were unable to nucleate HH at 7 > 173K at F,q (HCI) and F, (H,0)
used by Henson et al. (2004, 2007) where HH became unstable by undergoing a facile
phase transition to the amorphous phase (see above). We are not questioning that
phase transitions were in fact observed by these authors using SHG, but in the ab-
sence of positive (spectral) evidence for HH one must be careful with the interpretation
of experiments that are not sufficiently specific for HH. Figure 12 displays the nucleation
conditions of Henson et al. (2004, 2007) as green points in addition to the observations
of lannarelli et al. (2013) using the identical experimental apparatus as in the present
work. These workers have observed formation of HH on pure ice at T < 173K at the
conditions indicated by the red squares in Fig. 12. It is clear that the temperature re-
quirement for HH nucleation puts a severe constraint on HH observation in addition to
the fact that £, (HCI) required for HH nucleation as indicated by the green points at
170 and 165K is higher by roughly a factor of five to ten compared to the experiments
of lannarelli (2013) who followed a similar experimental protocol as used in this work.
It is therefore likely that Henson et al. (2004, 2007) have monitored the facile phase
transition to amHCI/H,O rather than formation of crystalline HH.
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4 Atmospheric significance and conclusions

This study has addressed the behavior of thin vapor deposited crystalline ice films of
thicknesses in the micron range after exposure to HCI vapor at temperatures that are
in part relevant to atmospheric processing. We have investigated the HCI/H,O amor-
phous/supercooled and the crystalline HCI-6H,0 structures. We have found that the
nucleation of HCI-6H,0 requires a high supersaturation ratio of HCI, on the order of 10
or higher for HCl vapor at T < 173 K, in agreement with previous studies (Ritzhaupt and
Devlin, 1991; Koehler et al., 1993; Henson et al., 2004, 2007; lannarelli et al., 2013).
The structure of the ice film (amorphous, polycrystalline, /) to be doped by HCI is
irrelevant for the formation and growth of HH. When HCI doping was performed at tem-
peratures higher than 173 K, an amorphous HCI/H,O phase has always been obtained.
For this reason we infer that nucleation of the HH phase will be difficult if not impossible
under atmospheric conditions, as UT/LS temperatures are rarely found to be less than
180 K. Pure amorphous samples obtained by doping ice films at temperatures higher
than 173 K were never observed to crystallize to HH under the present experimental
conditions. No changes in the IR spectrum of an amorphous HCI/H,O sample have
been observed on the timescale of one hour at 187 K owing to the absence of HH nu-
cleation. The high nucleation barrier requiring high supersaturation ratios of £, (HCI)
is one of the reasons for the kinetic instability of HCI- 6H,O under relevant atmospheric
conditions. Evaporating HCI from crystalline HCI-6H,O is unable to regenerate crys-
talline HCI-6H,O when it condenses at the prevailing atmospheric temperatures. It
appears therefore highly unlikely that amorphous HCI/H,O will convert into crystalline
HH under atmospheric conditions in the temperature range 180—200 K.

In most of the previous studies, crystallization of a HH thin film has been obtained
at a temperature around 170K by annealing amorphous ice samples that had been
exposed to HCI vapors at temperatures lower than those used in the present study,
extending to temperatures less than 100 K. In the present case, we found that HH can
nucleate at 7 < 173K on polycrystalline /, ice. Therefore, the presence of amorphous
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ice rich in dangling OH bonds does not appear to be necessary in contrast to find-
ings of McNeill et al. (2007). At temperatures below 173 K nucleation occurred on the
timescale of a few seconds and the HH key features were visible in the IR absorption
spectrum at once. We avoided excess of HCI over H,O during nucleation of HH owing
to the incidence of the facile phase transition to amorphous HCI/H,O so that most runs
were performed using an excess of H,O over HCI. In order to obtain a stoichiometri-
cally defined pure film of H,O/HCI = 6 : 1, the evaporation of excess ice was therefore
always required because the thin HH film considerably slowed down the diffusion of
HCI to the underlying pure water ice.

The kinetic stability of the HCI-6H,0 structure has been found to be limited to T <
195 K under SFR or static conditions, beyond which the decay of the crystalline to an
amorphous structure has been observed on the present time scale of a few minutes.
The IR spectrum also presents scattering effects that occur beyond 3700 cm™' due
to the likely formation of a quasi-liquid or disordered phased on top of the ice film
that has been observed during the transition of HH to the “ice” region in the HCI/H,O
phase diagram. This result confirms the findings of McNeill at el. (2006), which have
employed an elegant ellipsometric technique to demonstrate a roughening transition
on ice upon HCI doping. The transition between the crystalline and the liquid phase
has been attributed to the progressive formation of a liquid-like or amorphous layer on
top of the ice film.

As a case in point we will consider the lifetime of a 10 um diameter ice particle under
UT/LS atmospheric conditions using the HCI evaporation flux J,, of both an amorphous
HCI/H,O mixture and crystalline HH with respect to J,, (H,O) of a pure water ice par-
ticle. We use a simple layer-by-layer model connected to a zero-order rate law for HCI
and H,O evaporation that expresses the time to complete evaporation 6 as displayed
in Eq. (20):

6 = ((0/M)Npr)/Jey(1 = th) (20)
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The parameters p, M, N,, r and rh correspond to the specific density (gcm‘3),
molecular weight (g), Avogadro’s number, particle radius (cm) and relative humidity
for the case of pure ice. The factor (1-rh) is valid for reversible adsorption/desorption
kinetics of pure ice particles whereas it is unity for amHCI/H,O because of the absence
of saturation of HCI uptake at UT/LS conditions. Once a formal ML of HCI has been
adsorbed on ice the uptake of HCI continues unabatedly, albeit at a reduced rate. For
both HH and amHCI/H,O HCI uptake is not balanced by increasing evaporation of HCI
because pure ice is increasingly dissolved in a phase transition in order to maintain an
aqueous HCI solution of a given concentration. For pure ice @ is infinity at 185K and
18 min at 195K for a 10 um diameter particle at 15 km altitude (116.3 Torr total pres-
sure). The frost point is at 1.7 ppm for 188K and F, (H,0) = 5.2ppm at 195K. Using
the data displayed in Fig. 7 we obtain 8 = 15.9h and 2.2 d for amHCI/H,O and crys-
talline HH at 185K, respectively, as well as 8 = 7.9 h for both HCI-containing solids at
195 K, respectively. It is obvious that the trends reflect the relative evaporation fluxes for
HCI and H,O with HCI evaporation being the rate-limiting step in all cases. Once HCI
has evaporated the remaining ice, devoid of HCI, will evaporate on a shorter timescale.
The presence of HCI has a large stabilizing effect on the ice akin to HNO; regarding the
total time to evaporation 6. In order to evaluate the fate of an atmospheric ice particle
we need to consider both kinetic (J,,) and thermodynamic aspects (phase diagram).

In summary, we have obtained the following results. (i) HCI- 6H,0 nucleation requires
temperatures lower than 173 K to occur on vapor deposited polycrystalline (hexagonal)
ice films; (ii) at temperatures higher than 173K only an amorphous HCI/H,O mixture
that does not crystallize to HCI-6H,0 under any conditions, is obtained upon dosing
HCI on polycrystalline ice; (iii) the first pure HCI-6H,0 FTIR spectra in transmission as
well as mid-IR differential cross sections have been obtained; (iv) thermal decomposi-
tion of HCI-6H,0O upon evaporation under SFR and static (equilibrium) conditions has
been observed which points towards kinetic instability of HCI-6H,O under the used
experimental conditions; (v) water-rich HCI-6H,O undergoes a facile phase transition
towards an amorphous/supercooled phase T > 195K. In contrast, water-poor HH will
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preferentially lead to HCI evaporation and subsequent HH decay. The crystalline-to-
amorphous phase transition in the range 190 to 195K, with the probable formation of
a quasi-liquid amorphous HCI/H,O layer on top of the film, occurs at a rate of approx-
imately 0.5 to 2.5 molecular monolayers of HCI per second based on the rate-limiting
evaporation of HCI (Fig. 7).

The four principal reasons for the anticipated absence of crystalline HH under atmo-
spheric conditions are the following: (i) high-nucleation barrier owing to the required
high value of F., (HCI); (i) low nucleation temperature of T < 173K; (iii) facile phase
transition of HH towards amHCI/H,O under water-rich conditions; (iv) irreversible de-
composition of HH starting at 185 K through HCI evaporation, thus implying low kinetic
stability of HH under UT/LS conditions. These factors lead to a narrow window of crys-
talline HH stability in the range 173—185 K for HH, if formed at all at UT/LS conditions.
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Table 1. Characteristic parameters of the stirred flow reactor (SFR).

Stirred Flow HCl calibrated  H,O calibrated  Si window area MS calibration Escape rate  Gas-wall coll.

Reactor volume V' volume for inlet  volume for inlet  for deposition factor (H,0) constant k.. freq. @ (sT>P
(A""molecs™") across leak®  with Si-window

2350cm® 60cm® 44cm® 0.78cm?>? 1.410%* (H,0) 0.055 (H,0)  5.17 (H,0)
1.810%*(HCl)  0.039 (HCI)  3.66 (HCI)

& One-sided.
® Values for kesc and @ are valid for the chamber heated to 330 K.
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Table 2. Principal peak positions in wavenumbers (cm'1) for the HCI - 6H,0 IR absorption spec-

trum and its spectroscopic assignments.

Type of vibration Graham and Ritzhaupt and  Abbatt This work®
Roberts (1997) Devlin (1991) et al. (1992)b
Water H,O vy 3399 3424 3437 3426
3375
Water H,O vy + v, 3353 3349 3381 3366
Water H,O v + v, 3240 3235 3255 3238
Oxonium ion v, 2701 2695 2703 2675
Oxonium ion v 2337 2298 2262 2250
Oxonium ion v, 1931 1892 1850 1870
Bending vibration 1636 1635 1643 1635
of the proton ordered
waters of hydration
1263 1278 1260 1286
Oxonium ion v, 1151 1147 1146 1138

b Estimated uncertainty in peak position of +12cm™ .

& Estimated uncertainty in peak position of +2 em™.

1
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Table 3. Measured differential absorption cross sections at different frequencies for a pure HCI
hexahydrate film in the range 182 to 188 K".

Wavenumber (cm™')  Cross section per hexahydrate
Y/
formula unit (cm2 molec‘1)

1635 (6.5+1.9)107"°
3238 (1.4+0.4)107'®
3426 (2.3+0.7)107'®

* The measured differential peak absorption cross section for pure
vapor-phase deposited ice at 3236 cm™" is (8.0 0.8)

107"° cm? molecule ™.
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Table 4. Mass balance considerations. Comparison between the dispensed HCI dose obtained
from the pressure decrease in the calibrated volume, the HCI dose calculated from the change
in the IR spectrum and the HCI dose present when a pure HCI-6H,O0 film is formed assuming

a 6:1H,0 to HCI composition.

Sample  Upper limit HCI dose from  AA (absorbance)

HCl dose from HCI dose present in the

number®  AP(HCI)a1 volume (Molec) upon doping AA (molec) pure HCI-6H,0 (molec)
1 1.1 10" 0.16 9.010" 7.010"®
2 2.110" 0.20 1.110" 5.0 10"
3 1.310" 0.25 1.410" 1.210"
4 2.010" 0.23 1.310" 1.310"
5 2.110" 0.23 1.310"7 1.510"7
6 2.310" 0.23 1.310" 1.410"

* Sample numbers refer to the same run as in Table A2.2 in Supplement 2 and Fig. 3.
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Table 5. Rate of decrease of absorbance upon evaporation of a HCI- 6H,0 film at different tem-
peratures in comparison with net evaporation ration rates for pure ice together with evaporation

rates for ice and HCI hexahydrate.

TK  —dA/dt(s™) Je, (HCI-6H,0)* U2 (H,0) Joy (H,0)° Ratio r of net Inr

(absorbance (molec cm2s™ ) (molec cm™2 s"1) (molec cm 2! ) evaporation

change with time) equals J,, (HCI)  (pure ice) rates®
1875 6.3107° 6.310" 7.710" 1.45 10" 12.22 2.503
187.5 5.4107° 5.4 10" 7.710" 1.45 10" 14.26 2.657
190  1.4107* 1.410" 1.210" 2.2610'® 8.57 2.148
190° 1.9107* 1.910" 1.210" 2.2610'® 6.32 1.843
190 1.3107* 1.310" 1.210" 2.2610'® 9.23 2.223
191 16107* 1.610" 1.410" 2.6310'"® 8.75 2.169
191 1.7107* 1.7 10" 1.410" 2.6310' 8.23 2.108
191 1.4107* 1.410" 1.410" 2.6310'"® 10.00 2.303
1915 1.9107* 1.910" 1510 2.8210'"® 7.89 2.066
193  2.45107* 2.4510" 2.010" 3.76 10'® 8.16 2.100

2 From slope m of Fig. 5 using m = 0.43430 (3426 cm_1)~Je‘, (HCI-6H,0) with 0 =2.3- 1078 cm?molec™".

b Joy(Ho0) = 18.82J0%" (H,0) (see text).
© The ratio r is defined as r = J5 (H,0)/J,, (HCI-6H,0).
4 Qutlier not included in least squares regression.
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Table 6. Thermodynamic data from Van’t Hoff plot for HCI evaporation of a HCI-doped H,O-
ice condensate whose evaporation flux J,, (HCI) is displayed in Fig. 7 (data of Fluckiger et al.,
1998).

K (1/7) 10°K™ Kags = ads/RgesPeq INKags Kads = ads/R:esPeq INKags
Torr™ (HD)d (HD) atm™'®  Torr™ (LD)d (LD)atm™'°

210 4.762 13.0/10.2(12) 2.44 (-5) 17.25 20.0/10.2(12) 1.59 (-5) 17.69

200 5.000 18.4/6.32(12) 1.08 (-5) 18.08 25.8/6.32(12) 7.69 (-6) 18.42

190 5.263 28.0/2.73(12) 3.03 (-6) 19.34 31.2/2.73(12) 2.70 (-6) 19.45

2 (Kags/ Raes) - 244 x 10'° = Kygs atm™" with k,gss™" and Ryes molecem™s™" (Fliickiger et al., 1998).

b Kags (HD) = (Ko4s/Rges) in units of atm, where k4 is for High Dose (HD) of typically 5 x 10'® molecule/pulse and higher.
Corresponding thermochemical parameters are AHC = —34.80kJmol ™", AS, = -22.87 Jmol ™" K.

° Kags (LD) = (Kags/Rdes) in units of atm, where ks is for Low Dose (LD) of typically 5 x 10" molecule/pulse. Corresponding
thermochemical parameters are AH? = -29.30kJmol ™", AS, = +7.20Jmol™"K.

9 Calculated equilibrium vapor pressure according to 1/K,qs (Torr") = FPeq Torr™"
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Absorbance unit

L B e T T T T T T
4000 3500 3000 2500 2000 1500 1000

wavenumber (cm™)

Fig. 1. IR transmission spectra of a pure ice film before (a) and after (b) doping with gaseous
HCI at 170K at a typical dose of 1 -2 x 10'” molecules. Spectra (c), (d) and (e) have been
collected in 4 scans each at 1cm™ resolution during film evaporation at increasing temperature
under SFR (stirred flow) conditions. No offset has been introduced in order to facilitate the
quantitative comparison between spectra.
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-10.0
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1000/T [1/K]

Fig. 5. Arrhenius plot of the rate of change of the IR absorption of pure HCI-6H,O. From the
slope (m = —-9722), one obtains the activation energy E, for HCI sublimation in HCI-6H,0O of
80.8 +5.8kJmol™" leading to logJ,, moleccm™2s™" = (36.3 + 3.2) — (80.8 £ 5.8)/2.303RT; R =
8.312J K" mol™" without taking into account the outlier (red circle). The evaporation rate of HCI
has been multiplied by log(e) ¢(3426cm™") = 1.0 x 10?° cm?molec™ (ordinate).
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Fig. 6. Arrhenius plot of r corresponding to r = JQ\?‘ (H,0)/J,, (HCI-6H,0) leading to a slope of
3544.7 corresponding to ES* (H,0) —ES° (HCI-6H,0) = —29.5 + 9.6 kJmol™". The slope has
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been evaluated without taking into account the outlier (red square).
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Fig. 7. HCI (left ordinate, bold HCI in plot) and H,O (right ordinate, bold H,O in plot) evapora-
tion rates as a function of 1/T of: HCI-6H,O (this work, decay monitored using FTIR absorp-
tion of HCI-6H,0, purple line), HCI/H,O (Flickiger et al., 1998, green line), H,O/HCI (Delval
et al., 2003, red line) and pure H,O ice (Pratte et al., 2006, blue line). The green and purple

lines correspond to logJ,, (HCI) molec™ cm™?s™" = (20.6£2.1)— (21967 +4800) /2.303RT, and
logJ,, (HH) molec™' cm™2s™" = (36.34 + 3.20) — (80810 + 5800) /2.303RT, R = 8.312JK ™' mol,
respectively.
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to 8 x 10'® molecules of adsorbed HCI. The HH film was heated to 192K (black trace) and
subsequently to 200K (red trace). This experiment was performed under static conditions.
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Fig. 11. Phase diagram for the binary system HCI/H,O. The gray area for the HCI-6H,0O exis-
tence is an extension of the existence area proposed by lannarelli et al. (2013). The green cir-
cles represent HH evaporation whereas the red circles (amorphous HCI/H,0) and blue squares
(crystalline HCI-6H,0) represent phase transition experiments. The colored lines represent in-
dividual experiments at stirred-flow conditions. The squares indicate the presence of a crys-
talline HCI-6H,0 phase, while the circles represent amorphous HCl/ice as indicated by the
corresponding FTIR spectra. The juxtaposition of red circles/blue squares in the “ice” existence
area corresponds to simultaneous observations of HH and amHCI/H,O.
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Fig. 12. Phase diagram for the binary system HCI/H,O. The gray area for the HCI-6H,0 ex-
istence is an extension of the existence area proposed by lannarelli et al. (2013), the green
points from Henson et al. (2007), the red squares from lannarelli et al. (2013), the purple points
from Flickiger et al. (1998) and the blue broken rectangle from Oppliger et al. (1997). See text
for discussion.
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