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Interaction of HCI with Ice: Investigation of the Predicted Trihydrate, Hexahydrate, and
Monolayer Regimes
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Knowledge of the interaction of hydrogen chloride (HCI) with ice is important for an understanding of
heterogeneous reactions on polar stratospheric clouds. The interaction of HCI with ice as a function of ice
temperature, HCI partial pressure, and ice film thickness was studied using laser-induced thermal desorption
(LITD) techniques. Ice films were prepared by depositingdH/apor onto a cooled AD; substrate. The

ice was then exposed to HCI partial pressures ranging from1D°to 1 x 1076 Torr at ice temperatures

from 140 to 186 K. HCI uptake by ice was monitored as a function of time using the HCI LITD signals. A
doubly differentially pumped mass spectrometer allowed the LITD studies to be conducte® giaHial
pressures up to ¥ 104 Torr. These high kD partial pressures are required to maintain stable ice films at
the higher ice temperatures. At temperatures below 148 K, the HCI gdd_H D signals indicated that the

ice films rapidly formed an HCBH,O trihydrate film. Between 148 and 175 K, the HCj®ratio changed
continuously with no observed stable HEH,O hexahydrate. At stratospheric temperatures between 180
and 186 K, HCI uptake on ice varied fromx4 104 to 2 x 10'¢ molecules/crh This variation was attributed

to varying ice surface roughness with the roughest ice films displaying the highest HCI uptake. HCI uptake
was limited to~1 ML (1 ML = 1.15 x 10" molecules/cr§) on the smoothest ice films, in agreement with
previous estimates of monolayer HCI uptake by stratospheric ice.

1. Introduction Temperature (K)
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stratospheric clouds (PSCs) plays a critical role in polar ozone LIQuip

) - ; HCI * 3H,0
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ice mixtures (type 1) or pure ice (type I1). The present study
focuses on type Il PSCs that form at approximately 187 K in
the polar stratosphefe A strong correlation between midwinter
ozone depletion and dehydratfosuggests an important role
for type Il PSCs in polar ozone depletion.

An important mechanism for chlorine activation in the polar
stratosphere is the heterogeneous reattion

% Weight HCI

CIONO, + HCI =% Cl, + HNO, (1)
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This reaction is efficient on water ice and HN@e surfaces
and is very slow in the gas pha%g? Although the reaction is

known to be important, a detailed understanding of the 1078 Stratosphere ‘\‘

heterogeneous reaction mechanism on PSCs is still lacking. A |

first step in unraveling the reaction mechanism is to probe the 0%t ! | ! |

interaction of HCI with ice. 35 40 45 S50 55 6.0
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Several previous thermodynamic and kinetic studies have _ _ _ _
explored the interaction of HCI with ice. The HCYEl phase  Figure 1. Phase diagram for HCl and ice as a function of HCI pressure
diagram has been generated from experimental data anoand temperature. Reprinted with permission from ref 11. Copyright
. . - - 1994 Blackwell Scientific.
thermodynamic calculations. Figure 1 shows the phase diagram

for HCI and ice as a function of HCI vapor pressure and of the phase diagram where the interaction of HCI with ice is
temperaturé! Depending on the conditions, HCl and®lare  gxpected to be limited to the ice surfade However, polar
predicted to form HCl trihydrate (HE3H,0), HCl hexahydrate  stratospheric conditions occur close to several stable phases on
(HCI-6H,0), or supercooled liquid solutions. the phase diagram. Because metastable phases can exist outside

The dotted region in Figure 1 highlights the range of HCl of phase boundaries, this study will focus on the behavior of
partial pressures and temperatures observed in the polaryc| interacting with ice over a range of temperatures and
Stratosphere StratOSpherIC conditions are within the “ice” reg|0n pressures that |ncludes the Stratospherlc environment_

Several theoretical studies have investigated the interaction

:gg‘g?t"n?“eﬁfg&eéﬁ%mggieaigog!gcﬁ g?gsssed. of HCI with ice. Under the assumption that the HCI molecules

£ CIRES. ' do not dissociate on the ice surface, a maximum HCI surface

€ Abstract published ilAdvance ACS Abstractdune 15, 1997. coverage on ice was determined to be “Lléhonolayer (ML)
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under stratospheric conditio®. These calculations were Diflerentiatly Pumped
extended to include HCI dissociation, and stable ions were Quadrupole Mass Spectrometer
formed on the ice surfacdé. Molecular dynamics simulations
have also shown that HCI can ionize when a second bilayer of
ice grows on top of the hydrogen-bonded HCI molecules as a
result of the dynamic ice surfaéé!® The ionized pair (HO*

and CI) is then incorporated into the ice surface.

Previous laboratory studies have also investigated the HCI
coverage on ice under various conditiéA81622 |ce films have
been deposited on the walls of flow tubes and exposed to HCI
gas?10.18 The HCI surface coverage was inferred from the loss

CO,, Laser

v
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of gas phase HCI. These studies indicated that the HCI surface Baratron Gauge
coverage is approximately one monolayer under stratospheric Crystl HoO Leak
conditions?1918 The interaction of HCI with ice films has also valve

been studied using other methods. Ice films exposed to HCI
pressures of 10—107° Torr at 155 K formed a thin layer on HC! Leak
top of the ice film that was assigned as H&H,O by Fourier
transform infrared (FTIR) spectroscopy.Unfortunately, the
amount of HCl in the ice film at 185 K was below the detection
limit of transmission FTIR spectroscopy. Thin ice films were HoNe Laser
also exposed to HCI vapor at 120 K and investigated using ﬁ
temperature-programmed desorption (TPD) stutfiesThe T
formation of an HCI6HO film was reported, and a monolayer  rigure 2. Schematic representation of the experimental apparatus.
of HCI was speculated to be present at the surface.

In the present study, the interaction of HCI with ice was
studied at temperatures from 140 to 186 K and HCI partial
pressures between £ 107° and 3 x 107® Torr. A doubly o ols
differentially pumped mass spectrometer allowed fgDhpartial
pressures up to k 10~ Torr that are required to maintain
stable ice films at the higher temperatures. According to the
HCI and HO phase diagram, this range of temperatures and
pressures includes the stability regions for HCI trihydrate
(HCI-3H,0), HCI hexahydrate (HG6H,0), and ice. HCl was
measured directly on the ice surface or in the ice films using
laser-induced thermal desorption (LITD) techniques. Unlike
the previous experimental studies, these LITD investigations
could be performed at stratospheric conditions with submono-
layer sensitivity. The LITD measurements explored the ex- Sinless Stecl Quadrupole
pected HCI trihydrate region, the predicted HCI hexahydrate onsershe Mass Spectrometer
region, and the HCl monolayer regime anticipated under Figure 3. Schematic representation of the doubly differentially pumped
stratospheric conditions. mass spectrometer.
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the mass spectrometer was covered with stainless steel foil to
prevent electron currents between the ionizer and the nearby

A. Vacuum Chamber and Double Differential Pumping. copper cryopanel.
The experimental apparatus used to measure the interaction of The copper cryopanel was in thermal contact with a liquid
HCI with ice is shown in Figure 2. An AD3(0001) substrate  nitrogen-cooled trap as shown in Figure 3. The front face of
was attached to a sample holder at the bottom of a cryostat andhe cryopanel was below 130 K during operation. This
positioned in the center of an ultrahigh-vacuum chambét. temperature is below the temperaturexaf60 K required for
The AlLO; substrate was a 0.5 mm thick single crystal with H,O multilayer desorption into vacuuti. The sticking coef-
dimensions of 12x 20 mm and a Swedge between the front ficient and condensation coefficient of@ on ice are both unity
and the back faces. The A); surface was cleaned using an atT < 140 K25 Consequently, background@& molecules are
O, plasma as described in previous wéfkThe chamber was  cryogenically pumped by the cryopanel before they reach the
pumped by a 190 L/s turbomolecular pump that produced a baseionizer of the mass spectrometer. The doubly differential
pressure of 5« 107° Torr. The chamber was equipped with a  pumping provided by the glass shroud and the cryopanel could
doubly differentially pumped mass spectrometer (UTI 100C), sustain an KO pressure gradient o£100. This pressure
an ionization gauge, and an absolute capacitance manometedifferential allowed the ice film on the ADs; substrate to be
(MKS Baratron Type 690A.1 TRB) that can accurately measure exposed to stratospheric,® pressures of-10~* Torr while
pressures from Xk 107%to 0.1 Torr. maintaining HO pressures in the ionization region sfl0~®

The doubly differentially pumped region of the chamber Torr.
containing the mass spectrometer is displayed in Figure 3. The B. Ice Film Preparation. For the experiments at the lower
mass spectrometer was separated from the main chamber by &e film temperatures between 140 and 175 K, the films were
glass shroud with an 8 mm diameter circular opening connecting prepared by backfilling KD vapor into the chamber and onto
the two regions. A copper cryopanel with a 25 mm circular the cooled AJO; substrate. For experiments at higher ice film
opening was placed between the glass shroud and the massemperatures where the 8 multilayer desorption rate is
spectrometer ionizer. The perimeter of the ionizer region of substantial, some of the ice films were initially deposited at

2. Experimental Section



Interaction of HCI with Ice J. Phys. Chem. A, Vol. 101, No. 27, 1994981

HeNe Laser a) H,O
\ 1.2+
] 2 1.04 —<«—H,00n H,0 Off
| o i
Vacuum NP | ny =1.00 o 084
=
o g 061
Ice Film X np=? § oa]Rmax
o 5
n3=1.76 % 0.2+ Rmin
. . . . . m
Figure 4. Geometric representation of the optical interference tech- 0.0 i35 A |
T T T T T T T T T T T T T
nique. 0 200 400 600 800 1000 1200

160 K. The ice film was then annealed to higher temperatures Time (sec)

using a series of small temperature ramps. During each b) HCI Hydrate
temperature ramp, the partial pressure @OHvas adjusted to

maintain a steady-state film thickness as determined by optical 129 H,0and HCI On
interference measuremerits. Z 10
The HO partial pressures over the ice films at steady state 8 o8
were measured with the ionization gauge that had been =
previously calibrated using the absolute capacitance manometer. S %87 H,0 and HCI Off
The HO vapor was taken from a reservoir of distilled and £ 044 R max
deionized water. The water reservoir was purified with several % 0.2
liquid nitrogen freeze pump—thaw cycles. The LD partial o 00 T Romin
pressures used in this study ranged from 10¢to 4 x 104 B e 1
Torr. 0 100 200 300 400 500 600 700
High partial pressures of 4 were required to prevent the Time (sec)

ice films from desorbing at the higher ice temperatures. At Figure 5. Typical optical interference data for (a)@ ice films and
higher HO pressures, the # background signal in the mass  (b) HCI hydrate films deposited on the A&; substrate at 140 K. Using
spectrometer is large, and the operational dynamic range isthe measured refractive indices, one-half of an optical cycle corresponds
reduced by the upper limit of the preamplifier of the electron t© 1208 Ain (a) and 1099 A in (b).
multiplier. Consequently, 0 was detected using the smaller N T .
intensity O cracking fragment ah/e= 17, corresponding to reflegtan_ce Rmin) in Figure Sp is significantly higher than the
OH™ for most of the experiments. Experiments that required Remin n Flg_ure_ 5a. These dlffgrences are caused by different
even higher HO pressures utilized the,® cracking fragment refr?‘cnve |?d|cfes f(.)r th? (thO f";nsh q ited il b
atm/e= 16, which is the smallest peak of the cracking pattern. 1 n€ real refractive index of the deposited fim can be
Once the ice film was prepared, hydrogen chloride gas determined by analyzing the optical interference data using

(Aldrich, 99+% anhydrous) was backfilled into the chamber. Fresnel's e_quation@:” BriefI)_/, _the Fresnel eqL_Jations indicate

The HCI pressures ranged fromx1 109 to 2 x 1076 Torr that the ratio between the minimum and maximum reflectance

The HCI partial pressures were measured with the quadrupole2!Ues is

mass spectrometer. The mass spectrometer was calibrated ) -

versus the ionization gauge. The ionization gauge was previ- Ruin [(nyng — ny)/(nyng + nyY)]

ously calibrated using the absolute capacitance manometer. HCI R, - 2

: n, —ny)/(n, +n
was detected using the parent, HCht massn/e= 36. > [(n, = ngf(n, + 1y}
C. Optical Interference To Determine Film Thickness. L o

Optical interference methods were used to measure the steadyl N€ refractive index of the ADs substrate is; = 1.76, the

refractive index of vacuum is; = 1.00, andh; is the refractive

state ice film thickness and to determine the real refractive index . :
of the HC hydrated? For the interference technique, a helium ~ Index of the film. -Consequently, the ratRyir/Rmax measured

neon (HeNe) laser at = 6328 A impinges on a growing ice during film growth can be used to determine the refractive index
film at near normal incidence. Figure 4 presents a schematic ©f the ice or HCI hydrate film. o

view of the reflectance geometry. Part of the HeNe laser beam [N this study, the measured refractive index for a pure water
is reflected by the vacuumice interface. Some of the HeNe  Ic€ film wasn = 1.31 at 140 K. This index is in excellent
light is reflected from the iceAl,O; interface agreement with previous optical interference measurerfents

. ! . . I = 8 iti
As the film grows, the two reflected beams interfere with 2nd the literature value of = 1.31 at 266 K** Codeposition

each other and produce a sinusoidal interference pattern. The?f HCl and RO at 140 K reiulted in an HC trihydrate film
intensity of the reflected beam is measured using a photomul- With @ refractive index ofn = 1.44. With these refractive

tiplier tube (Hamamatsu R928). The ice film thicknessis indices employed in eq 2, one half-cycle of oscillation for a
then obtained using pure ice film corresponds to an ice film thicknessxof 1208

A. Likewise, one half-cycle of oscillation for the HCI trihydrate

®3)

X = mA/2n(T) 2) corresponds to a thickness = 1099 A.
D. Laser-Induced Thermal Desorption To Determine
wherem s the number of periods of oscillation, an(T) is the Film Composition. Laser-induced thermal desorption (LITD)
temperature-dependent refractive index of the ice fim. measurements were used to determine the composition of the

The reflectance of the HeNe laser from a growing ice film at HCI and HO films as a function of HCI partial pressure, film
140 K is shown in Figure 5a. The reflectance during the temperature, and film thickned%:31 For the LITD investiga-
codeposition of HO and HCI at 140 K is shown in Figure 5b.  tions, a pulsed Lumonics GOEA laser atl = 10.6um was
A comparison of parts a and b reveals that the minimum modified for TEM-00 operatiod? The laser beam was first



4982 J. Phys. Chem. A, Vol. 101, No. 27, 1997 Foster et al.

expanded to a diameter of 2 cm with a ZnSe beam expander.  a)
The beam was then focused to a diameter<af mm on the

Al,O3 substrate using a 75 cm focal length ZnSe lens. The

CO; laser beam entered the chamber through a ZnSe window

and impinged on the AD; substrate at 45from the surface

normal as shown in Figure 2.

The CQ radiation is absorbed by a localized area of the
adsorbed multilayer and the underlying@} substraté® This
laser heating results in the rapid thermal desorption of the
illuminated multilayer. The C@laser energies used in this
experiment were between 45 and 70 mJ/pulse. Using the
autocorrelation metho#, the laser desorption area had a
diameter of~715um for the HCI hydrates ane-600 um for
the pure ice films. b)

High sensitivity is required to detect submonolayer HCI

Normalized H,O LITD Signal

T T T T
0 200 400 600 800

H,0 (10" molecules/cm? )

coverage on ice under stratospheric conditions. To enhance the (g‘; 1'0"_ ¢

surface sensitivity, the ionizer of the mass spectrometer was D gl .

positioned with direct line-of-sight to the multilayer on the®@4 g .

substrate. The surface normal at the center of thgDAl — 06+

substrate was aligned with the center line of the glass shroud, 2 0.4 .

the copper cryopanel, and the mass spectrometer ionizer as § o .

shown in Figure 2. This orientation permitted the surface T 0.2+

species to desorb from the &5 crystal and directly travel to % i

the ionizer of the mass spectrometer. This desorption signal z Y
0 50 100 150 200 250

arrives in advance of the pressure burst that equilibrates within s )
the vacuum chambé?. Line-of-sight detection of the surface HCI (10 molecules/cm™)
species provides a direct probe of the surface coverage andrigure 6. Calibration of the HO and HCI LITD signals versus surface

allows the surface species to be detected with submonolayercoverage. Codeposition of HCl and®l vapor at 140 K formed the
sensitivity. HCI-3H.0 trihydrate that was used to calibrate the LITD signals.

To calibrate LITD signals, vapor is deposited onto theB3| s 4
substrate, and optical interference is used to measure theeaCh gas at pressures of7107°=3 x 10~* Torr. The UTI

multilayer film thickness during film growth. LITD signals for 1OOC. _mass spectrometer was found to b.e 36 times more
H,0O have been successfully calibrated using this technique in sensitive tO_HCI am/e= 36 than to the cracking fragment of
previous studie3® LITD signals were recorded for ice films Hz0 at m/e_— 16. N

with various thicknesses. Film thickness (A) was converted to The relative mass spectrometer sensitivities were then used

H,O coverage (molecules/@rusing the known density (g/én to calibrate the LITD signals and determine the stoichiometry
and molecular weight (g/mol) of the ice film. Because the of the HCI hydrate deposited at 140 K. The calibrated HCI

correlation between $D LITD signals and HO coverage was and KO LITD signals indicated that the HCIA® film formed

linear, the HO coverage in unknown films was determined from Y codeposition at 140 K was an HGH,O trihydrate. LITD
the HO LITD signals2 signals for HCI and HO were then measured for various

thicknesses of the HEH,O film. The HO LITD signal is
plotted as a function of yO coverage (molecules/@&yin Figure
6a. Similarly, the HCI LITD signal is plotted versus the HCI
coverage (molecules/é@nin Figure 6b.

The plots of HCl and KO LITD signals versus HCI and 1@
surface coverages are linear. Because the correlations are linear,
the HCI and HO coverages in an unknown HCH& film can
be determined using the HCI and;®l LITD signals. The
calibration results for bD using the HCGIBH,O trihydrate are
in reasonable agreement with the calibration of th®@HITD
/ signals using the pure ice multilayéfs LITD calibrations using
the HCF3H,O trihydrate were repeated daily to account for any
possible drift in the mass spectrometer sensitivity.

A slight variation was applied to the above calibration
procedure to determine the HCI and® coverages from the
HCIl and HO LITD signals in this study. Pure HCI multilayers
are not stable in vacuum at liquid nitrogen temperatures, and
the HCI LITD signal could not be calibrated using pure HCI
films. For this reason, mixed HCI4® films were used to
calibrate the HCI LITD signals. 0 and HCI vapor were
codeposited onto the AD; substrate at 140 K with an 4@
partial pressure of1 x 1078 Torr and an HCI partial pressure
of ~5 x 1077 Torr. The LITD signals of HClfi/e= 36) and
H,O (m/e= 16) were then recorded for each film. The HCI
H,O LITD signal ratios were consistently the same for these
films. This behavior indicates that a reproducible and stable
HCI hydrate formed by the codeposition of HCl angdHunder
these conditions.

Gas phase calibrations of,& (m/e= 16) and HCI (n/e= A. HCI Trihydrate at 140 K. Thin films of H,O were
36) were used to determine the composition of the hydrate film initially deposited onto the AD; substrate at 140 K to produce
at 140 K. Differential pumping was not used during these an ice film thickness of 52& 36 A. The ice films were then
calibration experiments to ensure that the pressure measureaxposed to HCI partial pressures ranging from 2078to 7 x
by the capacitance manometer was the same as the pressurg0~7 Torr. During the HCI exposures, LITD signals were
measured by the ionizer of the mass spectrometer. Therecorded to measure the change in the HCI concentration in
ionization gauge was first calibrated using the absolute capaci-the ice film versus time. Figure 7 shows the HCI concentrations
tance manometer at HCI ancb® pressures of 4 1076—3 x in the ice films rising rapidly to form a saturated and stable
104 Torr. Subsequently, the calibrated ionization gauge was HCI hydrate. In every case, a reproducible HCI hydrate was
used to determine the relative mass spectrometer sensitivity forobtained within the first 20 min of HCI exposure to the ice film.

3. Results
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Figure 7. HCI mole fraction of ice films at 140 K as a function of ]
HCI exposure time at various HCI pressures. The initial ice films had . N {
a thickness of 526 36 A. 107 3
b T T T T T T
20 50 52 54 56 58 6.0 6.2

1000/ Temp (K ™)

15 Figure 9. HCI partial pressures and substrate temperatures used in
] the experiments performed under stratospheric conditions that are shown
] in Figure 10. The ice:liquid phase boundary is determined from ref 9.
HC! Hexahyarate solutions or polycrystalline hydrates are believed to be forming
] R in this temperature range.

5 ° C. 179-186 K: Stratospheric Conditions. The HCI partial

Mole Ratio (H,O:HCI)

TR B HEL b pressures and temperatures employed in HCI uptake experiments
* that simulate the stratospheric region are plotted in Figure 9.
0 The solid line represents the ice:liquid coexistence line as
140 145 150 155 160 165 170 determined by vapor pressure measurements over equilibrium
Temperature (K) mixtures of liquid HCI solution and ic&.All of the experimental

Figure 8. Saturated KHO:HCI mole ratio for ice films exposed to HCI points fall well below the ice:liquid line. Consequently, these

pressure as a function of substrate temperature between 140 and 17¢1Cl uptake.me_asurements should represent HCl on ice and not
K. on an HO liquid layer.

LITD analysis was used to measure the HCI coverage on or
Ice films exposed to higher pressures of HCI formed the HCI in the ice films at stratospheric conditions. Two types of ice
hydrate more quickly than ice films exposed to lower HCI films were prepared for these experiments. In one set of

pressures. experiments, KD vapor was deposited on the,8k substrate
The mole fraction of HCI in the HCI/D films in Figure 7 at ~183 K prior to the HCI exposures. In the other set of
was calculated from the measured HCI angDH.ITD signals. experiments, ice films were first deposited onto theGAl

These LITD signals were calibrated using the relative mass substrate at a lower substrate temperature of 160 K. Subse-
spectrometer sensitivities determined from the gas phase calibraguently, the films were annealed to stratospheric temperatures
tions. The measured mole fraction of HCI in the saturated ice usingAT ~ 2 K increments prior to HCI exposure.
film was 0.25 + 0.02. This stoichiometry indicates the For ice films prepared at 183 K, the saturated HCI coverage
formation of an HCI3H,O trihydrate. The HCI trihydrate  was found to be (7.3 1.6) x 10> molecules/cri The error
formed for all the temperatures investigated between 140 andbars on this measurement represent the typical scattering
148 K. These conditions are well within the expected stability observed in the HCI LITD signal. This scattering is attributed
region for the HCI trihydrate according to the HCH®I phase to shot-to-shot laser pulse energy variations and slight film
diagram shown in Figure 1. The agreement between the LITD inhomogeneities. If the ice surface is the basal plane of
experimental results and the phase diagram supports thehexagonal ice, the number ob@ surface sites on the top bilayer
assignment of these saturated HGIZHilms at 146-148 K as of ice is 1.15x 10 molecules/cri®* Using this coverage as
HCI-3H,0 trihydrate. a reference point to represent a one monolayer coverage (1 ML
B. 150-170 K: Variable Compositions. In contrast to the = 1.15 x 10' molecules/cd), the HCI surface coverage is
observation of HGBH,O between 140 and 148 K, the interac- ®pc = 6.3+ 1.4 ML on ice at 183 K. This HCI coverage is
tion of HCI with ice in the temperature range from 150 to 170 higher than the near monolayer coverage reported in previous
K gave notably different results. Although these ice films studies?10.18.22
displayed saturation behavior with respect to HCI, they did not  Although theoretical calculations have not predicted the
saturate at a 3:1 #D:HCI mole ratio. The HO:HCI mole ratio expected HCI coverages on ice under stratospheric condi-
for these films versus film temperature is shown in Figure 8. tions!?-151%experimental investigations measure HCI coverages
The HCI and HO LITD calibrations utilized the HCBH,O 8 x 10%—-3 x 10 molecules/crh®10:182%9r 0.1-3 ML. HCI
trinydrate formed by codeposition at 140 K. From 150 to 170 coverages higher than 1 ML may be caused by surface roughness
K, the HCI concentration in the saturated film decreased on the ice film. To attempt to decrease the roughness of ice
progressively as a function of temperature. Because no fixed surfaces, the ice films were first deposited at 160 K and then
composition is established, nonstoichiometric amorphous solid annealed to stratospheric temperatures between 180 and 186
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mixed film:26.27.36

§ . _win” — 1)
p(n® + 2)

The Lorentz-Lorenz relationship has been shown to predict
° the refractive index very well for amorphous HYB,O films 26
° . The molar refractivity of a 40 wt % HCI solution, i.e., a 3:1
l ° H»,O:HCI solution, was used in the calculation of the refractive
5] . index. Based on the molecular weight of 90.5 g/mol, a density
. o of 1.20 g/cnd, and a refractive index of = 1.42 at 293 K" a
W molar refractivity ofA = 19.3 cn¥/mol was determined for the

oA e . 40 wt % HCI solution. A density ofp = 1.24 g/cni was
0 10 20 30 40 50 60 obtained for the HCBH,O trihydrate film at 140 K by
extrapolating density versus temperature data available at higher
temperature®® Using the molar refractivity oA = 19.3 cn#/
mol at 293 K and density op = 1.24 g/cni at 140 K, the
refractive index obtained from the Lorentkorenz relationship
for an HCF3H,O film at 140 K isn = 1.44.
K. This method has previously been shown to produce smoother The refractive index can be measured using optical interfer-
films than those formed by direct deposition at high tempera- ence techniques and compared with the predicted refractive
tures35 During annealing, the ¥ vapor pressure was adjusted  index of HCF3H,O obtained using the Lorentd.orenz rela-
simultaneously to prevent ice film growth or evaporation. tionship?27 HCI hydrate films were deposited by simulta-
Optical interference measurements were utilized to monitor the neously backfilling a mixture of HCI and 4 vapor onto a
ice film thickness and to attempt to keep the ice film at steady cooled AbOs substrate at 140 K. The real refractive index of
state and a constant thickness during the annealing process. the HCl hydrate formed during deposition was then determined
The annealed ice films were then exposed to HCI partial from the optical interference data collected during film grothth.
pressures betweenx1 102 and 5x 10~7 Torr. The HCI LITD The index of refraction was measured torbes 1.44 for each
signals were measured and consistent HCI LITD signals were €xperiment conducted at 140 K. This excellent agreement is
Observed after HCl exposure t|me B‘B min_ The measured add|t|0na| Confil’ma'[ion Of the assignment Of the hydl’ale as
HCI coverage on the annealed ice films varied greatly from 4 HCI-3H0 trihydrate. .
x 10 t0 2 x 10 molecules/crhor 0.4 to 16.2 ML. Despite A recent temperature-programmed_des_orptlon (TPD) study
this large range of HCI coverages, there was no observed has also been employec_i to evaluate ice films exposed to HCI
correlation between the HCI coverage and either the ice film at 120 K2 After saturation HCI exposures, the reported film
temperature or the HCI partial pressures. The experimental COMposition was HEG6H,O hexahydrate. This assignment was
scatter of the HCI LITD signal for an individual experiment is Pased on integrated TPD signals that were calibrated using
much too low to explain this large range of HCI coverages. literature values for HCI and # ionization efficiencies?®
The HCI coverages did correlate roughly with the total Howevgr, t_her_e is u_ng:ertz_alnty in this assignment because the
preparation time before the ice films were exposed to HCI vapor. 'elative ionization efficiencies for HCl and,8 were not known
Ice film preparation time includes the time required to deposit With great accurac§? Consequently, the discrepancy between
the films at 160 K, to anneal the film to above 180 K, and to these TPD studies and the present LITD investigation may be
determine that the films were at steady state and a constan@scribed to calibration difficulties.
thickness. The measured HCI coverage is plotted as a function B- Variable Compositions between 150 and 170 K.
of the total ice preparation time prior to HCl exposure in Figure According to the phase diagram in Figure 1, some of the
10. The highest HCI coverages were measured for the ice films expe_nmental_condltlons used in this experiment include the
that required the longest preparation times. This correlation Predicted region for the HCI hexahydrate (HEH20). How-

between measured HCI coverage and ice film preparation time e\k;er, F|g(]jure 8 shovk\gls th%t a stoichiometric "f‘?'z(gl was not
can be explained if the ice films roughen versus preparation OPServed as a stable phase over an appreciable temperature
time. range. A stable HCBH,O phase was observed between 140

and 148 K. Above 150 K, HCI concentrations continuously
decreased with increasing substrate temperature.
. ) Although a stable HG6H,O hexahydrate was not observed
A. HCI Trihydrate Regime at 140 K. The HCF3HO under the conditions in this experiment, these results may reflect
trihydrate was observed to form when HCI interacts with ice the d|ﬁ|cu|ty in nuc]eating the hexahydrate phase_ The hexahy_
films at temperatures between 140 and 148 K. The-BIgiO drate phase has been reported earlier, but many of these studies
trihydrate formed over a wide range of HCI partial pressures as utilized infrared spectra for identificatictt”21:4041 The dif-
shown in Figure 7. The trihydrate was very stable and clearly ferences between the LITD measurements and the previous
establishes a 1:3 HCI3® stoichiometry. This behavior is infrared work may be attributed to inconstancies in the assign-
expected on the basis of the HCyBIphase diagram shown in  ment of the infrared spectra for the various HCI hydrates. All
Figure 1. of the FTIR assignments result from earlier assignments for the
A second check on the identity of the HCI hydrate as infrared spectra of HG#H,O and HC16H,04° If these earlier
HCI-3H,0 can be obtained using optical interference measure- spectra were incorrectly assigned, all the subsequent assignments
ments of the real refractive index. An index of refraction for based on these spectra may require reevaluation.
the HCF3H,O hydrate can be calculated using the Lorentz In other studies, HCI hydrates were formed by freezing HCI/
Lorenz relationship. The Lorentd.orenz relationship is based  H,O solutions'243 These studies did not produce HCI hexahy-
on the molar refractivity of the components of a mixture, drate even when the H@H,O was favored state according to
the molecular weight of the mixture, and the density of the the phase diagram. H@H,O was formed only when solutions

(4)

HCI Coverage (ML)

Ice Film Preparation Time (min)

Figure 10. HCI coverage on the ice films under stratospheric conditions
versus ice film preparation time. The HCI partial pressures and substrate
temperatures are given in Figure 9.

4, Discussion
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were frozen to lower temperatures and then annealed to the5. Conclusions
stability region of HCI6H,O. Consequently, there may be a
nucleation barrier for HC6H,O formation that may have
precluded the observation of a stable hexahydrate in these an
our studies.

The interaction of HCI with ice was studied as a function of
jce temperature and HCI partial pressure using laser-induced
hermal desorption (LITD) techniques. In agreement with the
. i i i HCI/H,0 phase diagram, a stable H8H,O trihydrate consis-

_ C. HCl Interaction with Ice under Stratospheric Condi- tently formed between 140 and 148 K. Between 150 and 170
tions. The ice films deposited at 183 K prior to the HCl the HCI:H,0 ratio changed continuously versus temperature,
exp505ures yielded a saturation HCI coverage oféB.:B.G)x_ and no special stability was observed for the HELO

10'° molecules/criior 6.3+ 1.4 ML. This HCl coverage is  payahvdrate. Under stratospheric conditions, the uptake of HCI
greater than the 0-13 ML HCI uptake by ice at stratospheric by ice varied from 0.4 to 16.2 ML (1 ML= 1.15 x 1015
temperatures reported by earlier experiménts’®?2 Some of  \5ecyles/cr). The variation in the measured HCI coverages
the differences may be explained if the experimental surface g.gjeq approximately with ice film preparation time. These

area of the ice films in the present study are greater than thegqits suggest that the ice films roughen versus film preparation

geometric surface area of the 8k substrate. Under strato-  ime ynder stratospheric conditions. On the smoothest ice films,
spheric conditions, water molecules are continuously adsorbingine Hcj coverage is-1 ML and independent of HCI pressure
and desorbing from the ice surfat®e This dynamic ice surface from 10°° to 10° Torr. These results indicate that HCI is

may lead to substantial surface roughening. . readily available on ice surfaces for heterogeneous reaction in
Scanning electron micrographs and BET adsorption measurethe polar stratosphere.

ments show that ice films are extremely rough when prepared
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