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Abstract

Characterization of the interaction of hydrogen chloride (HCI) with polar stratospheric cloud (PSC) ice
particles is essential to understanding the processes responsible for ozone depletion. The interaction of HC1
with ice was studied between -87 °C and -30 °C using the complementary approach of a) ellipsometry to
monitor the ice surface with chemical ionization mass spectrometry (CIMS) detection of the gas phase, and
b) flow tube experiments with CIMS detection. The flow tube-CIMS technique was also used to study the
chlorine activation reaction of chlorine nitrate (CIONO,) and HCl on ice, the co-adsorption of acetic acid
(CH,;COOH) and HCl on ice, and the adsorption of CFC-12 (CClL,F,) on ice. CH;COOH and CCLF, were
employed as nonreactive probe molecules to provide information about the state of the ice surface in the
HCl-ice system. The ellipsometer-CIMS studies were performed on single-crystalline ice samples, and the
flow tube-CIMS studies were performed on smooth and vapor-deposited polycrystalline ice films and on
zone-refined ice cylinders. A numerical modeling framework is presented for the interpretation of the flow
tube-CIMS studies.

A disordered surface region, or quasi-liquid layer (QLL), was detected on bare ice using ellipsometry
down to -30 °C. We also found using ellipsometry that trace amounts of HCl induce QLL formation on the
ice surface in the vicinity of the solid-liquid equilibrium line on the HCl-ice phase diagram, including
conditions encountered in the polar stratosphere during PSC events. These results are supported by the
results of the flow tube-CIMS studies of the reaction of CIONO, and HCI on ice, CH;COOH/HCI co-
adsorption on ice, and HCl adsorption on ice. This is the first report of direct experimental evidence of
HCl-induced QLL formation at stratospheric conditions.

It appears that the real part of the refractive index of the QLL formed via exposure to gas-phase HCl is
closer. to that of liquid water or aqueous HCl solution than to that of ice. We estimate the thickness of the
QLL in our experiments to be on the order of 100 nm.

We found using the flow tube-CIMS technique that the presence of the QLL enhances the chlorine-
activation reaction of HCl with CIONO,. The presence of the QLL also enhances CH;COOH adsorption.
We find that the solubilities of HCl and CH;COOH in the QLL are intermediate between the solubilities of
each species in liquid H,O and those in ice.

In a flow-tube CIMS study of HC1 adsorption on different types of ice surface, we found that HCl1
adsorption on polycrystalline ice films typically used in laboratory studies consists of two modes: one
relatively strong mode leading to irreversible adsorption, and one relatively weak binding mode leading to
reversible adsorption. We have indirect experimental evidence that these two modes of adsorption
correspond to adsorption to sites at crystal faces and those at grain boundaries, but there is not enough
information to enable us to conclusively assign each adsorption mode to a type of site. We also found
indirect evidence that HCI hexahydrate formation on ice at conditions relevant to the polar stratosphere is a
process involving hydrate nucleation and propagation on the crystal surface, rather than one originating in
grain boundaries, as has been suggested for ice formed at lower temperatures.

The ellipsometry measurements in this work were performed with Dr. Thomas Loerting. The study of HC1
hexahydrate formation on smooth ice was performed with Prof. Franz Geiger.

Thesis Supervisor: Mario J. Molina Thesis Supervisor: Bernhardt L. Trout
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Chapter 1

Introduction

1.1  Motivation for research

Heterogeneous reactions that occur on the surfaces of polar stratospheric cloud (PSC) ice
particles play a key role in the annual decrease of stratospheric ozone that has been observed at
polar latitudes'™. This effect is commonly termed the “Ozone Hole.”

A steady-state concentration of ozone (O3) in the stratosphere is created by the following set

reactions, which are collectively called the Chapman mechanism*:

0, +hv—>0+0 1.1)
0+0,+M—0;+M (1.2)
O3 +hv—>0,+0 (1.3)
0;+0—50,+0;, (1.4)

Chlorofluorocarbons (CFCs), due to the chemical inertness that makes them ideal for
many commercial and industrial applications, have sufficiently long tropospheric lifetimes (20-
300 years)’ that they may diffuse into the stratosphere, where they can then be photolyzed to
create chlorine radicals. Atomic chlorine is highly reactive towards ozone and catalyzes its

destruction via the following cycle*’:
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Cl+0;> ClIO+ 0, (1.6)

Cl0+0 = Cl+0, (1.7)

Net: O3+ 0 = O, + 0,.

Up to 99% of the active chlorine in the stratosphere is sequestered in relatively inert
forms, chlorine nitrate (CIONO,) and hydrogen chloride (HCI)*. The net effect of the following
set of reactions, referred to as chlorine activation processes, is the conversion of the chlorine

reservoir species CIONO; and HCl into chlorine gas, Cl;:

CIONO,+ HCl — Cl, + HNO; (1.8)
CIONO, + H,0 - HOCI + HNO; (1.9)
HOCI + HCl - Cl, + H,0. (1.10)

Reactions (1.8)-(1.10) are prohibitively slow in the gas phase®, but they proceed efficiently in the
presence of PSC surfaces™'*. The Cl, produced by these processes is readily photolyzed to
form free radicals capable of catalyzing ozone destruction via reactions (1.6) and (1.7).

PSCs form only during the polar night, when temperatures are sufficiently low that the
very little water that exists in the stratosphere can condense into particle form*. PSC particles
have been classified into three types: nitric acid trihydrate (type Ia PSC), a supercooled ternary
solution of HNO1/H,;SO4/H,0 (type Ib PSC), and water-ice (type II PSC). However, the exact
compositions and formation mechanisms of the particles are unknown'®'’. The type Il water-ice
PSCs are thought to be composed of single crystalline hexagonal ice, since they form very
slowly and at low temperatures. The size of a type II PSC particle is on the order of 1-10 um'®.

Characterization of the interaction of HC1 with ice is the first step towards understanding
chlorine activation. HCI has been found to be the most abundant chlorine reservoir during PSC

18



events, and its reaction with CIONO; on ice, reaction (1.8), is thought to be the most important
of the chlorine activation processes’. The reaction probability, 7 of reaction (1 .8) on ice has been

found in several laboratory studies to be high (y> 0.1)>" "

and independent of HCl partial
pressure, even at very high HCl partial pressures which are known to induce melting of the ice
sample’.

12791958 g

The HCl-ice system has been investigated using a variety of experimenta
theoretical®’* approaches. While much uncertainty remains about the fate of HCl upon
adsorption to ice, these studies have lead to a consensus that HCI has a high affinity for ice
surfaces, with near monolayer coverage at conditions relevant to PSC events (310 Torr < Py <
2107 Torr, -85 °C < T < -70°C). Assuming that HCl makes at most a very strong hydrogen
bond with a refractory ice surface, calculations predict at least two orders of magnitude less
surface coverage than what has been reported’.

To explain the catalytic role PSC particle surfaces play during chlorine activation, we
have hypothesized that HCI might induce the formation of a disordered region on the ice surface,
or ‘quasi-liquid layer’ (QLL), at stratospheric conditions®. The QLL is known to exist on the
surface of ice at temperatures near the melting point, but the existence of a disordered region on
the surface of ice has not been confirmed at stratospheric temperatures.

The goals of this research have been to test this hypothesis, clarify the catalytic role that
the ice surface plays in chlorine activation, and further elucidate the fate of HC1 upon adsorption
to ice. We have studied the interaction of HCI with ice under a wide range of conditions
including those encountered in the stratosphere during PSC events using the complementary
approach of a) ellipsometry to monitor the ice surface with chemical ionization mass

spectrometry (CIMS) detection of the gas phase, and b) flow tube experiments with CIMS

19



detection to further study the kinetics of HCI adsorption on various ice surfaces.

We have also studied the CIONO,+HCI reaction on ice and the co-adsorption of acetic
acid, CH;COOH, and HCl on ice using the flow-tube CIMS technique, to obtain further
information about the state of the ice surface and the fate of the HCI molecules upon adsorption
to ice. Characterizing the interaction of CH;COOH with ice surfaces is also relevant to
understanding the scavenging potential of cirrus cloud ice particles in the upper troposphere.

These studies are part of a multipart approach which also included molecular-level
modeling work performed by Yves Mantz of the Molina group in collaboration with Prof.

Bernhardt Trout’s group in the MIT Department of Chemical Engineering>*%",

1.2 The HCl-ice system: Literature review

The HCl-ice system has been studied intensely over the past two decades, with hundreds
of publications available in the literature on the subject. In this section we provide an overview,

focusing on the state of the ice surface and the fate of HCI upon adsorption on ice.

1.2.1 The ice surface

At stratospheric temperatures and pressures, the stable phase of ice is the crystalline
hexagonal form, ice I”. The structure of ice I is shown in Figure 1-1.

Ice is a high vapor pressure substrate, with a vapor pressure of approximately 10 Torr at
-73 °C. Haynes et al.”’ studied the dynamic nature of ice surface via a classical molecular
dynamics simulation and found that at stratospheric conditions, the equilibrium evaporation and
recondensation rate of water at the surface of an ice particle is 10-1000 monolayers per second,
implying a turnover period for the ice surface of 0.1-0.001 s.

A disordered region, or ‘quasi-liquid layer’ (QLL), is known to exist on the ice surface at

20
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Figure 1-1. Ice I: a) top view of the 001 surface, along the c axis b) side view of the top two
bilayers. Large spheres represent oxygen molecules, small spheres represent hydrogen. The
hydrogen molecules coming out of the plane of the surface are referred to as ‘dangling ~OH
groups.” Images courtesy of Yves Mantz.

temperatures near the melting point. Thermodynamic theories based on Gibbs surface free
energies disallow the possibility of a QLL at temperatures below approximately -30°C "8, and no
experimental observation of the QLL has been reported thus far for conditions relevant to the
polar stratosphere.

126,79-96

A variety of experimenta 139:60,75.78.97-101

and theoretica techniques have been used to
study surface disorder on ice. Reported values of the temperature below which the QLL cannot

be detected experimentally, Tqur, vary depending on the ice samples studied (e.g., thin films,
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single crystals, polycrystalline samples, or amorphous forms). Furthermore, the experimental
techniques used vary in their sensitivity to surface properties, and each implicitly employs its
own definition of the QLL. Figure 1-2 shows a summary of QLL thickness v. temperature data

available in the literature.

Quasi-liquid layer thickness (nm)

T ¥ T T rrrry ¥ LIS I e L | T T T T Trrrr]

0.1 1 10 100
Temperature below melting point, T, -T (°C)

Figure 1-2. Literature summary of experimental QLL thickness v. temperature data for the basal
face of ice. See the text for more details. The thick black line denotes the proton channeling
data of Golecki and Jaccard®. The dashed grey line and the stars represent the AFM data of
Doeppenschmidt et al.** and Pittenger et al. °, respectively. Circles are data obtained using
glancing angle X-ray scattering®’. The dashed and dotted black lines represent data from the
ellipsometer studies of Beaglehole and Nason®’! and Furukawa et al. *?, respectively. The solid
grey line represents wire regelation data®. The thin black line represents data from a study of
the Volta potential difference between single crystals of ice and different metals®. The dot-
dashed black line represents IR data®’. Triangles are data obtained using photoelectron
spectroscopy® . Squares are data obtained using neutron scattering for ultrathin films *.
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Investigators using pulsed spin-lattice relaxation NMR to study small ice particles (less
than 150 pm in diameter) observed surface water molecules rotating at higher frequencies than
bulk water molecules at temperatures as low as -100°C ™. It should be noted that at -100°C ice
I, may no longer be the stable phase. Sum frequency generation (SFG) spectroscopy shows
disorder in the dangling —OH groups on the basal face of single crystals of ice I, at temperatures
above -73 °C ¥*! Studies performed on vapor-deposited thin ice films using infrared
extinction® and photoelectron spectroscopy® indicate that the free hydrogen peak disappears
below approximately -20 °C.

Several studies of surface disordering on ice have been performed using experimental
techniques that define Tqrr as the onset temperature for increased translational mobility of the
water molecules in the upper layers of the ice surface, including atomic force microscopy

)%, glancing angle X-ray scattering®’, and proton

(AFM)¥*, scanning force microscopy (SFM
channeling®. Doeppenschmidt and Butt used AFM to study premelting on the surfaces of ~Imm
thick polycrystalline ice samples formed by freezing from the melt, and found that Tqy, =-34 °C
84 Pittenger et al. also used AFM and reported that Torr =-10 °C for 0.5 mm thick vapor-
deposited ice samples®. Petrenko used scanning force microscopy®® to study the surface of
single crystals of ice and found that capillary forces between the probe and the surface
disappeared at -20°C. Dosch et al. used glancing angle X-ray scattering to study disordering on
the basal face of ice I, single crystals and reported Tge =-13.5 °C 8 Golecki and Jaccard
found using proton channeling that the basal plane face of ice I single crystals is highly
disordered above -40 °C *. Wilson et al. used differential scanning calorimetry to study

polycrystalline ice samples formed by freezing from the melt, and found that Tor =-15 °C i

Orem and Adamson studied the adsorption of n-alkanes to powdery ice samples between -53°C
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and -30°C and observed a transition in the adsorbate-surface interaction at -35 °C *°. Above that
temperature n-alkane adsorption to the ice surface resembled adsorption to the surface of liquid
water. The temperature at which the transition between ice-like and liquid-like adsorption
behavior was observed by Orem and Adamson, -35 °C, lies towards the low end of the range of
reported values that can be found in the literature for Tgr . This may imply that the presence of
the n-alkane molecules suppressed Torr in Orem and Adamson’s experiments.

Finally, the results of three studies of the structure of the basal and prismatic faces of
hexagonal ice using low-sensitivity ellipsometry®"*? and optical reflectometry’>, both of which
measure the optical properties of the surface, showed no sign of surface disorder at temperatures
below approximately -5°C.

In summary, all of the experimental studies discussed here indicate that surface disorder
does exist on ice near the melting point, and that the thickness of the disordered layer increases
with increasing temperature. However, reported values of Tqr1 and the temperature dependence
of the QLL thickness vary widely with definition of the QLL inherent to the experimental
technique, the ice samples analyzed, and the sensitivity of the technique.

Theoretical models of the surface of ice include those based on the minimization of
surface free energy’", mean field theory®’, the theory of dispersion forces®, the transition of ice
at the surface into the Bernal-Fowler state®®, and molecular dynamics studies®**"”>. All support
the same general picture presented by the experimental studies of a disordered layer on ice near
the melting point, with thickness increasing with increasing temperature. However, like the
experimental studies, the theoretical predictions for Tqrr and layer thickness vary depending on
the approach.

Wettlaufer'” predicted theoretically that Torr, could be suppressed by the presence of an
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ionic impurity on the ice surface, and that the dependence of layer thickness on temperature
could be altered by the presence of the impurity as well. Support for these results for T > -30 °C
and HCI partial pressures close to the solid-liquid equilibrium line on the HCl-ice phase diagram
can be found in the experimental work of Diehl et al*®.

The issue of HCl-induced surface disordering at stratospherically relevant temperatures
has not been studied as extensively as the QLL near the melting point. Dermidjian et al.'® used
neutron diffraction and quasielastic neutron scattering to study HCl-induced surface disordering
on ultrathin ice films (5 H,O bilayers on an MgO substrate). They found that the presence of
HC1 does induce surface translational mobility on the films, but only for temperatures greater
than -23°C. However, they also observed a phase transition at -23°C from crystalline to
amorphous structure for the ultrathin ice films used in the study, indicating that those films are
poor proxy surfaces for PSC particles. Geiger et al.'®” used the spectroscopic technique Second
Harmonic Generation (SHG) to study the interactions of CIONO,, HOCI, and HNOs with single
crystals of ice at stratospherically relevant conditions. They found that the adsorption of HNOs
and HOCI to the ice surface did not induce any change in the symmetry of the surface at -88 °C,
and suggested that this rules out the possibility of surface melting under those conditions.
Livingston et al.”' using laser-induced thermal desorption (LITD), observed that the presence of
HCI enhances D,0 desorption from ice surfaces by a factor of ~2 at temperatures from -123 °C
to -102 °C. They inferred from this that HCI enhances overall mobility of H,O in ice, perhaps
via substitutional incorporation of HCl into ice lattice or HCl-induced ice ‘softening.” Fluckiger
et al.>** studied CIONO, titration of HCI- dosed ice with a Knudsen cell apparatus and
estimated the thickness of an HCl-rich near-surface region to be on the order of 100 nm for

single-crystalline ice, and larger for polycrystalline ice samples.
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HCl-induced disorder at stratospheric temperatures was predicted theoretically by Mantz
et al”. They modeled HCI interacting with a periodic ice slab using density functional theory.
Using their model, they predicted that HCI1 adsorbed to surface sites with a high local density of
dangling —OH bonds would form a contact ion pair and induce surface disorder down to the

second bilayer at approximately -83 °C.

1.2.2 HCl-ice phase diagram

Several investigators have studied the HCl-ice system at a wide range of conditions to
determine the thermodynamically stable phases of the system as a function of the temperature
and HCI partial pressure. Wofsy et al.”” were the first to construct an HCl-ice phase diagram
using extrapolations of solubility and vapor pressure data that were available in the literature at
that time. Hanson and Mauersberger® performed vapor pressure measurements over solid and
liquid HCl-water systems at low temperatures. They used this information to expand the HCl-ice
phase diagram, and their contributions include introducing the metastable phase HC] hexahydrate
(HCI'6H,0) to the phase diagram. There is a nucleation barrier to HC1 hexahydrate formation.
It was reported by several groups that it is difficult to generate HCI hexahydrate by exposing ice
to HCl vapor or freezing from the liquid but it can be formed readily by rewarming a solution
that has been supercooled to -150 °C *28393!,

Abbatt et al.” used a variety of experimental techniques, and, in addition to investigating
the hydrate stability regimes of the phase diagram, verified that high concentrations of HCI melt
the ice crystal upon adsorption to form a liquid HCl-water solution. Wooldridge et al.*® used
thermodynamic calculations to predict stability regions for the HCI hydrate phases and coupled

these calculations with vapor pressure measurements to provide a more detailed phase diagram.
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The phase diagram presented in Molina et al.?, reproduced in Figure 1-3, is a digest of these early
studies. As shown in Figure 1-3, ‘Ice’ is the stable phase under polar stratospheric conditions.

In a recent FTIR study, Xueref and Dominé** studied co-condensed HCl/ice mixtures at
-83 °C, with HCI:H,O ratios of 5:1, 1:10, 1:50, and 1:200. They found that in all cases the HC1
was in ionic form once it had been incorporated into the bulk, and that the lattice did not take the
form of the any of the known crystalline HC] hydrate phases but rather was disorganized. They
suggested that such co-condensed materials might be more relevant to stratospheric chemistry

than the more typical laboratory system of HCI gas adsorbing to a pure ice surface.

1.2.3 HCl in bulk ice: Diffusion and solubility

HCI has been reported to have low solubility and low diffusivity in bulk ice. Hanson and
Mauersberger”® used vapor pressure data and applied Raoult’s law to determine that the
solubility of HCl in ice is less than 0.01 mol% under stratospheric conditions. Wolff and
Mulvaney™, using X-ray analysis, reported strong partitioning of HCI towards the grain
boundaries of polycrystalline ice, and they showed that HCI is not easily incorporated into ice
crystals. They reported the diffusion coefficient for HCI diffusion into bulk ice to be between
10 and 10" cm?s™ at an ice temperature of 185 K. In 1997, Thibert and Dominé** reported a
diffusion coefficient of HCI in large single crystals of ice at -15°C of 102 cm?s™. They also
found a correlation for solubility that can be used to extract a value of 3.510” moles HCl'cm™
for adsorption at -73 °C with 10 Torr HCL.

Based on a kinetic analysis of their CIONO; titration Knudsen cell experiments,
Fluckiger et al. inferred the diffusion coefficient Dycyice to be between 1.2(5)'10'13 cm?s! for
bulk ice and 1.2(5)107"* cm?s™ for single-crystalline ice at stratospherically relevant

temperature524.
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Krieger et al.>* used Rutherford backscattering to obtain near-surface elemental depth
profiles of frozen HCI solutions at two concentrations. For low concentrations (0.022 mol %),

they observed that the HCI concentrated at the sample surface, and they attributed this to the low

Temperature (K)
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Figure 1-3. The HCl-ice phase diagram, reproduced from Molina®. Thermodynamically stable
phases are shown as a function of temperature and HCI partial pressure®?®. “Ice” is the stable
phase under polar stratospheric conditions (circled area). “Liquid” refers to a liquid solution, and
“Trihydrate” and “Hexahydrate” refer to the crystalline hydrate states.
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diffusivity and solubility of HCl in ice. From their measurements they estimated that

510" cm?s'< Dycrice < 3110 cm?s™ for the low-concentration samples. For higher
concentrations (5.4 mol %), they observed a more linear depth profile for HCI concentration and
estimated that 410™ cm?s™'< Dgcyice < 1.610® cm?s™. They concluded from their observations
that with increased doping in polycrystalline ice, grain boundaries or triple junctions containing

concentrated HCI solution become the dominant sink for HCI1 uptake.

1.2.4 HCI adsorption on ice surfaces

We begin this subsection by discussing several studies of the interaction of gas phase HCl1
with ice surfaces using techniques that allow experimentation at stratospherically relevant
temperatures, including flow tube and Knudsen cell studies. We then address studies that were

conducted at lower temperatures.

1.2.4.1 Stratospherically relevant conditions

One of the most widely used experimental techniques for studying the adsorption of HCI
onto ice surfaces is the coupling of a coated-wall fast flow tube reactor with mass spectrometer
detection. This technique is simple but powerful in that it allows study of the HCl-ice system
under stratospherically relevant conditions and with the ice sample at equilibrium conditions.
One drawback of this technique is that it does not offer direct information about the physical
state of the surface or the state of molecules adsorbed on the surface, but offers analysis only of
the gas phase. With careful experimental design, however, the gas phase analysis can be used to
infer information about surface processes. An additional drawback of this technique is that the
laminar flow profile in the flow tube causes reactions on the surface to be diffusion-limited,

limiting the range of accuracy of kinetic studies of heterogeneous reactions on the ice surface’.
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Abbatt et al.’ , in addition to other techniques, used a flow tube coupled to an electron
impact mass spectrometer (EIMS) to study HCl uptake onto vapor-deposited ice films at
stratospherically relevant temperatures. They observed that HCl was taken up in near-monolayer
amounts on the ice surface in the ‘ice’ region of the HCl-ice phase diagram. They also reported
some apparently irreversible loss of HCI to the bulk, which they attributed to diffusion into the
ice matrix.

Hanson and Ravishankara® used a flow tube with high-sensitivity chemical ionization
mass spectrometry (CIMS) detection to study HC1 adsorption on vapor-deposited ice films under
polar stratospheric conditions. They observed a memory effect in that an average uptake of
5(1)'10™ moleculescm™ was observed upon the first exposure of an ice film to HCI, but in
subsequent exposures uptake was approximately 210" molecules'cm™> (surface coverages were
reported assuming the surface area of the vapor-deposited ice film to be equal to the geometric
area). Additionally, upon the first exposure of a fresh ice surface to HCI, only a fraction of HCl
was recovered upon desorption, indicating both reversible and irreversible adsorption processes.
The irreversibly adsorbed HCl was observed to be unrecoverable up to 30 min after exposure.
The authors made the argument that since the penetration depth, which they estimated as being
equal to (Dt)"?, is less than 1um on the time scale of the experiment (~1000 s), diffusion should
play a minor role in the observed HCI uptake, and diffusion into the bulk would be so slow that
almost all HCI should be concentrated at the surface.

Chu et al.*® performed similar flow tube-CIMS studies of HCI adsorption on vapor-
deposited ice samples, also at stratospherically relevant conditions. They paid special attention
to the preparation method of the ice samples, and reported that HCI uptake on vapor deposited

ice films is sensitive to the thickness of the film. They reported a linear dependence of uptake on
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HCl pressure. They analyzed this pressure dependence with a Langmuir-type model, and
reported that HCl surface coverage goes like the square root of the partial pressure of HCI,
implying a dissociative adsorption scenario where the adsorbate occupies two identical surface
sites. Finally, they made a similar argument to that presented by Hanson and Ravishankara
against significant diffusion into the bulk.

More recently, Hynes et al.” used the flow tube-EIMS technique to study the interaction
of HCI with smooth ice samples formed from the melt at tropospherically relevant conditions
(between -68 °C and -43 °C). Like Hanson and Ravishankara, they observed a memory effect,
and reported that up to 70% of incident HCI molecules were irreversibly adsorbed in their
experiments at -68 °C. At 1.1'10° Torr HCI, they observed that the uptake coefficient, y , of HCI

on ice decreased smoothly from y > 0.1 at -73 °C (referring to the data of Fluckiger et al?,

which was measured at much higher Pycy) to y < 0.01 for temperatures of approximately -50 °C
and higher.

Another powerful experimental technique that allows study of the HCl-ice system under
stratospherically relevant conditions is the Knudsen cell. This technique does not have the
diffusion limitations of the flow tube technique and can thus provide real-time kinetic
information, although like the flow tube, it can only provide indirect information about surface
processes via gas-phase analysis. An additional drawback to the Knudsen cell technique is that
the partial pressure of HCI for each experiment cannot be known a priori and must be inferred
from the experimental data®”. Finally, when studying ice, a Knudsen cell apparatus must be
modified to maintain the sample in equilibrium with water vapor and prevent net evaporation
during the experiment’.

The Rossi group has used the Knudsen cell technique extensively to study the interaction
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of HC1 with various types of ice between -83 °C and -63 °C 2%, Their early studies were
performed at such high partial pressures of HCl as to be on or near the solid-liquid equilibrium
line on the HCl-ice phase diagram, which may have complicated the interpretation of their
results®. Subsequent studies were performed at or above 3.6'10° Torr HC, conditions where we
observed HCl-induced surface disordering using ellipsometry®. They reported a memory effect
and also irreversible surface-to-bulk loss of HCI”>**%, To further investigate the fate of the
irreversibly adsorbed HCI, they used the reaction with CIONO; to probe the availability of HCI1
in the surface region, for ice samples that had been exposed to gas phase HCI and for co-
condensed ice samples. In exposing the surface to CIONO,, they titrated away the available
HCI, but also consumed the ice sample via the hydrolysis reaction of CIONO, and H,O, forming
a HNO; hydrate layer. Based on a kinetic analysis of these experiments, they concluded that,
under these conditions, HCI diffuses from the surface to a near-surface region where it is still
readily available for reaction. By applying a model which assumes a saturated near-surface
region with diffusion from that relatively concentrated region into the bulk, they inferred the
HCl-ice diffusion coefficient, Dyci-ice, and the thickness, A, of the near-surface region. They
reported Dycrice= 8.0(5)107"° cm?s™ and & = 60 +/- 10 nm for single-crystalline ice and Dyctice =
1.2(5)10™ cm*s™ and 4 = 130 +/- 20 nm for bulk (polycrystalline) ice®.

Huthwelker et al.>® also used a Knudsen cell to study ice films at -83 °C and -70 °C. The
ice sample was kept in equilibrium with water vapor. They report two adsorption modes, an
initial fast adsorption mode and at longer times a ‘diffusion-like’ uptake mode where the uptake

coefficient exhibits a ¢ "2

time dependence. They observed memory effect in that a larger initial
uptake was observed upon the first exposure of an ice crystal to HCl than in subsequent

exposures. In subsequent exposures, the diffusion-like adsorption mode was dominant. They
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inferred dissociative adsorption from the pressure dependence of their data using a Langmuir
model with an additional diffusive component. They also offered as an alternative interpretation

of the observed diffusion-like loss that it could be attributed to ongoing surface restructuring.

1.2.4.2 Low temperature studies

Many surface science techniques requiring ultra-high vacuum (UHV) conditions provide
additional insight that is not available from the flow tube and Knudsen cell techniques into the
state of the ice surface and the state of adsorbed molecules. However, since ice is a high vapor-
pressure substrate (the water vapor pressure over ice is approximately 10 Torr at -73 °C), for
any experimental technique requiring UHV conditions, studies of ice surfaces must be conducted
at temperatures lower than those relevant to the polar stratosphere. As a result, many such
studies have been conducted in the region of the HCl-ice phase diagram where HCI trihydrate or
HCI hexahydrate is the stable phase. Many studies are conducted on samples of ice which are in
a different phase from the hexagonal crystalline structure I, which is dominant at
stratospherically relevant conditions, such as amorphous ice. Given the different physical and
chemical state of the HCl-ice system under these conditions, it is difficult to draw conclusions
about PSCs based on the results of low temperature studies.

Temperature programmed desorption (TPD) coupled with gas phase detection has been
used by a number of groups to study the HCl-ice system at lower temperatures> . In TPD
studies, the ice sample is dosed with HC1 and then warmed. The evolution of HCI from the
dosed sample as a function of temperature is then observed, and information about the state of
adsorbed species can be inferred. More strongly bound species, or those confined to the bulk,

desorb at higher temperatures, while species held to the surface via weaker bonds desorb at lower

temperatures.
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Graham and Roberts**#?

used TPD/FTIR to study HCI adsorbed on amorphous and low-
temperature crystalline ices. They observed two adsorbed HCl states, HCI hexahydrate and HC1
molecularly adsorbed onto the hexahydrate surface. They found that hexahydrate formation was
faster and surface adsorption more likely on amorphous ice than crystalline ice, and concluded
that this is due to a lower concentration of dangling —OH groups and defects on the crystalline
ice surface. Sadtchenko et al.*® studied HCI interacting with amorphous ice, annealed
amorphous (crystalline) ice, and crystalline vapor-deposited ice using TPDMS. Like Graham
and Roberts, they observed molecular surface-adsorbed HCL. They observed two hexahydrate
modes, corresponding to bulk hexahydrate and surface hexahydrate. Sadtchenko et al. suggested
that HCI hexahydrate formation originates in the grain boundaries for lower temperature ices.

Molecular beam mass spectrometric techniques have also been used to study the sticking
of HCI on low-temperature ices. In a pulsed molecular beam study employing HCI doses
corresponding to coverages of 0.01 ML per pulse and ice temperatures between -173 °C and
-103 °C, Isakson and Sitz** reported both first-order adsorption and an irreversible surface loss
of HC], which they attributed to HCI ionization or hydration, but not diffusion into the bulk of
the ice substrate. Andersson et al.**, using molecular beam techniques at 127-180 K, determined
that the residence time for HCI on bare ice is greater than 0.001 s at those temperatures, even for
a slowly evaporating surface.

The high efficiency of reaction (1.8) suggests a reaction mechanism in which HCl is in
ionic form. There is overwhelming experimental evidence that HCI ionizes upon adsorption to
ice films at very low temperatures*®>’, but only indirect evidence of ionization at polar
stratospheric conditions exists****!®. Barone et al.>® performed FTIR studies which were

designed to test the possibility of HCl ionization at stratospheric temperatures, and found
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ionization in the “liquid” area in the phase-diagram, but could not unambiguously identify H;O"

for the ‘ice’ regime.

1.2.4.3 Theoretical studies

For a review of the many theoretical studies of HCI interacting with model ice surfaces or
small water clusters in the literature, see Girardet and Toubin'!*, In general, HCl is found to act
as a hydrogen donor, and HCl-water binding energies have been reported to be between 19 and
31 kJ/mol®* ™. As mentioned in Section 1.2.1, Mantz et al** modeled HC1 interacting with a
periodic ice slab using density functional theory and predicted that HCI adsorbed to surface sites
with two or more local dangling —OH bonds would form a contact ion pair and induce surface
disorder down to the second bilayer at approximately -83 °C. They found that the contact ion
pair formed in a stepwise mechanism, and that the ionized form was 21 kJ/mol more stable than
molecularly adsorbed HCI under the same conditions. Similarly, Svanberg et al., using a coupled
quantum mechanics/molecular mechanics (QM/MM) technique, reported that dissociation on the
ice surface was not observed unless HC1 was surrounded by four water molecules or more®.
Calatayud et al., using density functional theory and a periodic model of the ice surface, showed
barrierless ionization of HCl in cubic ice if HCI is placed within the ice lattice rather than on the
surface””. Similar conclusions were drawn from an ab initio study of HCI embedded in an

orthorhombic ice cluster model”.

1.3 Experimental techniques

1.3.1 Ellipsometer-CIMS experiments

A schematic of the experimental setup used in the ellipsometer-CIMS experiments is
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shown in Figure 1-4.
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Figure 1-4. Experimental apparatus for the ellipsometer-CIMS experiments.

The ellipsometer used in this study (Beaglehole Instruments) employs a photoelastic
birefringence modulator, allowing high sensitivity measurements. The light source is a 50 mW
He/Ne laser, focused to a diameter of approximately 1 mm. We observed true melting at 0 °C,
and did not observe surface disorder far from the solid-liquid equilibrium line in the HCl-ice
phase diagram. Therefore, we infer that the laser does not melt the ice surface due to local
heating. The ice sample was placed in an aluminum sample holder and housed in a vacuum-
jacketed flow tube. The flow tube was fitted with quartz windows to allow the laser beam to
pass through the cooling jacket and flow tube walls, and was operated in the laminar flow regime

(Re < 100) with helium, He, as a carrier gas. Ice was placed upstream of the main ice sample to
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ensure that the sample was in equilibrium with water vapor, i.e., no net evaporation or
condensation took place. The flow tube was interfaced with a CIMS system (Extrel C50) to
monitor the gas phase composition via chemical ionization by SF¢ reagent ions. SF¢ ions were
generated in a sidearm attached at a right angle to the flow tube using a-particle bombardment
from a 2'®Po source operating at -4 kV. HCI was monitored as SFsCI" (162 amu). In the HCl
uptake experiments, the ice sample was exposed to a dilute mixture of HCI in He that was
introduced to the main He flow through a moveable injector positioned near the centerline of the
flow tube. The injector was heated to prevent experimental artifacts due to adsorption of HCl to

the injector walls, creating a temperature gradient of less than 1°C in the flow tube.

1.3.2 Flow tube-CIMS experiments

A schematic diagram of a typical experimental setup for the flow tube-CIMS experiments
is shown in Figure 1-5. All flow tube-CIMS experiments employed a 2.5 cm i.d. flow tube
operating in the laminar flow regime (Re < 100) that was interfaced with a CIMS system (Extrel
C50). Detection occurred via chemical ionization using SF¢ as a reagent ion. SF¢ ions were
generated in a sidearm attached at a right angle to the flow tube using a discharge needle
operating at -4 kV. HCl and CCL,F; were monitored as SFsCl” (162 amu), CIONO, was
monitored as CIONO,F" (116 amu), Cl, was monitored as Cl,” (70 amu), and CH;COOH was
monitored as CH;CO,HF" (79 amu).

All flows were monitored with calibrated flow meters (Tylan General). He (BOC gases)
was used as a carrier gas. A 1600 L/min rotary pump (Edwards EM280) established flow
velocities of 1000-2000 cm/sec, with the corresponding Reynolds numbers well below the
turbulence limit. The pressure inside the flow tube, measured with a 0-10 Torr MKS Baratron,
was maintained constant at 1.5-2 Torr. A circulating cooler (Neslab ULT-95) was used to
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establish constant flow tube temperatures between -40 °C and -90 °C. Cooling fluid flowed
through the cooling jacket of the flow tube countercurrent to the gas flow. In all uptake
experiments a dilute mixture of each probe molecule of interest in He was introduced to the main
He flow through a moveable injector positioned near the centerline of the flow tube. Two
injectors were employed in the CIONO, + HCI experiments and the acetic acid/HCI coadsorption
experiments, one for each molecule of interest.

The injectors were heated to prevent experimental artifacts due to adsorption of HCl to
the injector walls. The temperature inside the flow tube was monitored using a
copper/Constantan® thermocouple (Omega). The thermocouple was housed in a 1/8" glass tube,
which was inserted into the cooled region of the flow tube parallel to the injector. The axial
location of the thermocouple was arbitrary since there were no temperature gradients greater than

1 °C in the cooled region of the flow tube.

1.3.3 Water vapor pressure measurements

In additional experiments, an electron impact residual gas analyzer (Ametek Dycor
MA200 RGA) was used to measure the water vapor pressures of ice films between -85 °C and
-78 °C that were exposed to various pressures of HCl. The RGA was attached to a side port on
the MS prechamber. Water vapor was monitored via the oxygen ion signal at 16 amu. We tested
that the 16 amu oxygen ion signal was proportional to the absolute water vapor pressure in the
flow tube by monitoring the signal as a function of time while heating the ice film. The resulting
shape of the water vapor pressure curve agreed well with the shape of the vapor pressure curve

reported by Marti and Mauersberger'®.
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1.3.4 Ice sample preparation

Ice samples for the ellipsometry study were prepared from single crystals of ice grown

using an adaptation of the Bridgeman technique'®

. These ice samples were observed using
crossed polaroids to have grain sizes on the order of a few centimeters.

For the zone-refined ice experiments, hollow cylindrical ice samples were prepared using
a modification of the Bridgeman technique'® as follows: A 20 cm section of plexiglass tubing
was plugged and filled with HPLC-grade water, with a cylindrical mask to form the central flow
channel. The filled tube assembly was placed inside a freezer, and the water was allowed to
solidify. The ice sample was then zone-refined using a heated ring which advanced slowly
(1pm's™)to the top of the cylinder, locally melting and refreezing the sample. For an adsorption
experiment, the flow tube was first pre-cooled to -40 °C. The finished cylinder was inserted into
the flow tube, and then the system was slowly cooled to the operating temperature to minimize
cracking. He flow was maintained during insertion to create an overpressure in the flow tube
and the injector in order to prevent condensation of water vapor from the ambient air inside the
cold flow tube or the injector. The valve to the Edwards pump was throttled until the
temperature reached at least -60 °C to prevent pumping away the sample. The sample thickness
(~ 2 mm) could be measured directly outside the flow tube using calipers.

Ice samples prepared in this manner were observed using crossed polaroids to have grain
sizes on the order of several millimeters. Figure 1-6 is a photograph of ice cylinder fragments
before and after zone-refining, lit from behind and viewed through crossed polaroids. The zone-
refined ice fragment consists of a few large crystals of ice, and therefore acts as a prism, visibly
separating the white light into its constituent colors. The unrefined fragment, having smaller

crystal domains, does not.
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Figure 1-6. Ice cylinder fragments (a) before and (b) after zone-refining. The fragments are lit
from behind and viewed through crossed polaroids.

Smooth ice films formed by freezing from liquid H,O were prepared following the
method of Abbatt'”’. The inside of a 35 cm long glass tube (2.5 cm i.d.) was washed with a 5%
solution of HF in deionized water, thereby creating a wettable glass substrate. After thorough
rinsing with HPLC grade water, the inside of the glass insert was wetted with a film of HPLC
grade water. The insert was then placed inside the flow tube, which had been pre-cooled to
operating temperature, while He was flowing to maintain an overpressure in the flow tube.
Freezing occurred quickly due to the low temperature in the flow tube, yielding a polycrystalline
ice film. The ice films formed this way were transparent and did not appear frost-like. Since
approximately SmL of water was used to prepare each ice film, and each film was approximately
10 cm long, we estimate the thickness of these films to be several hundreds of microns.

We also prepared vapor deposited ice films on the inside of the glass insert described in
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the previous section. The procedure for vapor deposition of ice films has been described in the
literature™'®®. Dry He was passed through a water bubbler, and then the saturated stream was
introduced to the flow tube via a wide-bore (0.25”) injector, resulting in a water vapor deposition
rate of 3-5 mg'min™. The injector was heated to prevent water vapor from freezing inside and
clogging the injector. The resulting deposition temperature was approximately -40 °C. 10 cm-
long films were prepared by withdrawing the deposition injector 1 cm every 15-20 min, resulting
in films of a calculated thickness of a few hundred microns. Extra ice was deposited upstream of
the ice sample to ensure that the sample was in equilibrium with water vapor, i.e., no net

evaporation or condensation took place.

1.4 Modeling the flow tube experiments: General framework

Here we present the tools that will be used to analyze the results of the flow tube-CIMS
experiments presented in Chapters 4 and 5. We discuss models of solute interaction with the ice
film and present a numerical framework which can be used directly to analyze the experimental

results of the flow-tube CIMS studies. This work is similar in approach to that of Behr, et al.'®.

1.4.1 Ice surface analysis

If adsorption is assumed to be barrierless, the adsorption rate constant, k.4, is given by

gas kinetic theory as''®

yoA _ yo 1-1
a(l)' T er— T —— - -
4V 2R

where yis the sticking coefficient, and R is the flow tube radius. The molecular velocity, o, is

1/2
wz[s"BT) 1-2.
M
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where M is the weight of one adsorbed molecule, &z is the Boltzmann constant, and 7 is the
temperature in Kelvin.

The rate constant for desorption is as follows:

Ed
k =4 _ Zac 1-3.
des e’q{ RT)

where E¢ is the activation energy of desorption, and R is the gas constant. In this study, kzs will

be treated as a parameter to be determined.
For absorption of a solute into a film in which the solubility of the solute, C, is known,

at equilibrium

des ™ sat

V
k. C=k,C -Vi’i 1-4.

gas
where C is the gas phase solute concentration, and Vg, and Vg, are the film and gas volumes,
respectively.

One model for surface adsorption is the Langmuir model, based on the concept of a set
number of adsorption sites on the surface. The fraction of occupied surface sites, 6, is

dimensionless and is related to the surface coverage, c;, as follows:
0 = = 1 '5 .

where S is the surface site density. 10"* moleculescm™ is the value of S widely quoted for ice,
although for a polar molecule such as HCI, and a real ice surface with defects, grain boundaries,
variable density of dangling —OH groups, and surface disorder, the definition of an adsorption
site becomes less certain. For one adsorbing species, the surface coverage is governed by the

following rate equation which describes the balance of molecules adsorbing and desorbing from

the surface:
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%:kmca—e)-kme. 1-6.

Here, C is the gas phase solute concentration. Inherent in this formulation is the assumption that
each adsorbing molecule occupies one site, and that neighboring molecules do not interact with

one another. In the Langmuir model, k45 is'!

/4
k, =—"‘ 1-7.
“ S(aMk,T)"?

and the rate constant for desorption is approximated as

d
kdes = _1- exp - AGdes i Eac 1"8.
St RT

where 7is the residence time of a molecule on the surface and AGy,; is the free energy of
desorption. At equilibrium eq. 1-6 yields the Langmuir isotherm,

_ bPy,

= 1-9.
1+bPy,
where b is the surface equilibrium constant,
L 1-10.
k des

For an experimental system that is well-described by the Langmuir model, &(7) can be
determined from measured adsorption isotherm data using eq. 1-9. The plot of In(b) vs 1/T will

be linear and the slope of the line will yield energetic information as follows:

d
Inb=ag, +1(é&aﬂ£) : 1-11.
T R

For bPyci<< 1, the Langmuir isotherm can be approximated as linear:

¢, ~bSP,g - 1-12.
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Additional effects may be incorporated into the surface balance in eq. 1-6 such as nearest-
neighbor interaction, adsorbate disassociation (i.e. occupation of two adsorption sites by each
adsorbate molecule), diffusion of the adsorbate on the surface, or incorporation of surface
adsorbed solute molecules into the bulk.

First-order incorporation of surface adsorbed solute molecules into the bulk may be
accounted for as follows:

D o kCU-0) -k, 0K, 0 113,

where k;, is a rate constant for the incorporation process. The near-surface concentration would

then be governed by

s _ K 1-14.

where / is the thickness of the region of interest.

1.4.2. Diffusion through an ice slab

A schematic diagram of a solute diffusing ﬁdm the surface into the interior of an ice slab
is shown in Figure 1-7.

The concentration profile of the solute within the slab is governed by the mass transfer
analog to the heat equation,

gﬂzpl_v2ci 1-15.
ot

where C; is the solute concentration within the slab, and D; is the diffusion coefficient of the
solute in ice at the conditions of interest.
D; has been reported to be 10°'? cm’sec’! for HCl in large single crystals of ice at -15°C

by Thibert and Dominé**. We have estimated our thinnest ice samples, the smooth ice films, to

45



7k

Figure 1-7. Schematic diagram of solute diffusion from the surface into the interior of an ice
slab.

be approximately 700 pm thick. By scaling of eq. 1-15, the characteristic time for diffusion

through these samples is then

l 2
wa' =b_i=4.9'1095- 1"16.
The characteristic time for diffusion through the ice film is substantially longer than the

timescale for the experiment (3600 seconds or less). Therefore, we can model diffusion from the

ice surface as diffusion into a semi-infinite slab. The boundary conditions are as follows:

C, x=0
0 X —>00

C.(t,x)= 0 f=0 1-17.
C t >

Note that C; is the ‘surface concentration’, the concentration on a volume basis in a near-surface
region. The saturation HCI concentration in single crystals of ice was measured by Thibert and

Dominé to be 3.510”7 moles'cm™ for adsorption at 200 K and 10°® Torr HCI**. This value can

46



serve as an upper bound for C; in the ice crystal for a scenario with surface adsorption but no
surface disordering.
These boundary conditions allow us to simplify the analysis by defining the similarity

variable, 7, as follows''%:

2
oG 4G 1-19.
dn dn®
subject to the boundary conditions
C =0
C,(7) = { s M=E 1-20.
0 7o

The solution is then

C. X
——'=1—erf 1-21.
C, [,}4D,.t}

where erf is the Gaussian error function. Shown in Figure 1-8 is the concentration depth profile
at several elapsed times for HCI diffusing through an ice slab, calculated using eq. 1-21. It can
be seen that one hour after exposure the HCl is for the most part still confined within the topmost
1 pm of the ice film, and the region within 150 nm of the concentrated surface region has
reached within 90% of the surface concentration via diffusion alone.

The flux of solute into the bulk, J, is derived from eq. 1-21 as follows:

J=—Di£=—CSJ& . 1-22.
Ox t

It is notable that the flux into the bulk is determined by the concentration at the surface. Ina
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Figure 1-8. The time evolution of the concentration depth profile on a log scale for HCl1
diffusion through an ice slab with constant surface concentration, C;, calculated according to eq.
1-21. Here the diffusion coefficient for HCI in ice, D;, is assumed to be 10 cm’s™.

scenario in which a thin layer on an ice surface contains a relatively high concentration C; of
HC], diffusive flux from that layer into the bulk could be significant. This is illustrated in Figure
1-9, which shows flux as a function of time for different values of C; and D;. In practical
application to our experiments, the large flux at time ¢ = 0 created by the inverse dependence of
eq. 1-22 on time should not be significant because C; will not be constant throughout the
experiment (as in this model), but, rather, initially C;= 0. For a surface layer with C; = 3.5107
molescm?, and D; = 102 cm?s™, there is a long-term surface flux of between 2'10° and 6'10°
moleculescm™s™, which is established within 500 seconds of the initial exposure and persists
through the duration of the experiment. For a surface layer with C; = 10™* molescm™, this long-

term surface flux could be as high as 510'' moleculescm™s™.
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Figure 1-9. Diffusive flux , J, as calculated by eq. 1-22 for different values of the diffusion
coefficient of HC1 in ice, D; (cm’s™), and the near-surface concentration, C; (molescm™).

1.4.3 Flow tube analysis 1. Governing equations

A schematic diagram of the flow tube is shown in Figure 1-10.

L
0 detector
—>
<>
dz

Figure 1-10. Schematic diagram of flow tube.
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The gas phase concentration profile of a solute in our flow tube is governed by the
general species conservation equation:

%_fw-c!:z)vzc—zz,m 1-23.

where v is the velocity vector, C is the concentration of the solute in He, and D is the binary

diffusion coefficient for the solute in He at the conditions of the experiment, and Ry, is the rate

of solute loss to the walls (or gas phase reaction).

The Reynolds number, Re, is

Re= 1-24.
y7]

where p and u are the density and viscosity of the gas. Re may be interpreted as the ratio of
inertial to viscous forces in the flow. The value of Re determines whether a flow is laminar (Re
<2000) or turbulent (Re > 2000). Since we operate at very low pressures (1-2 Torr), the gas
density is very low, and therefore even though flow through the tube may be ‘fast,” for this
system Re < 1, indicating that flow within the tube is in the laminar regime and that the velocity
profile is parabolic. Using this information, we can rewrite eq. 1-23 to give the rate equation for

a dilute solution in laminar flow through a tube:

2 2
_‘?9_,_2(] 1_(.';) Q_C__—,D l_a_(rgg_)+?_c_ ~-R,,, - 1-25.
ot R oz ror\_ or oz*
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By assuming that the characteristic time for diffusion of the solute to the wall is much
less than the residence time of a solute molecule within the flow tube, we may take a cross-
sectional average of the concentration, thus simplifying eq. 1-25, without losing much
information. We then express eq. 1-25 as

oC . 8C _a8°C

=4 UZ==DZ=-R

loss 1-26.
ot 0z oz*

where
ézljcczA . 1-27.
A

The loss term, Ry,ss, may include solute loss to the ice film (surface or bulk) or to gas phase

reaction. For surface adsorption, R, may be expressed as follows:

dc
R = s 1-28.
loss /YA dt
where
4 2
= 2 1-29.
Za V. R
For absorption into a near-surface region of thickness / where / << R,
oC,
Rloss = ZV ? 1'30.
where
14 2 2
7 = fim :(7[R ﬂ(f+l) )dZEZ—l- 131,
14 R*dz R

C; and ¢, may be described using the models for solute-ice interaction discussed in section A.
Now, let us check the assumption that radial diffusion may be neglected. From scaling

arguments, the characteristic time for diffusion to the wall is
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R2

T diff = *‘D'* 1-32.
and the characteristic time for convection through the tube is
Ty = 1-33.
U

Listed in Tablel-1 are the characteristic times for radial diffusion and axial convection
for smooth ice experiments and those using zone-refined ice films, which have smaller internal

radii.

Ice sample Taiff Teonv
Smooth ice films 0.01 0.04
Zone-refined ice cylinders 0.004 0.02

Table 1-1. Characteristic times for radial diffusion and axial convection in experiments using
smooth ice films (R = 1.25 cm) and zone-refined ice cylinders (R = 0.74 cm).

It can be seen from Table 1-1 that 73 << 7.0, for the zone-refined ice cylinders, and
therefore radial diffusion may be neglected and the above analysis holds. It is also true that 75
< 7.ony for the smooth ice films, but the convective forces are less dominant here than in the zone-
refined ice cylinder system. Therefore, although the analysis described in this section may yield
less accurate results when modeling experiments performed with the smooth ice films, the
assumption that radial diffusion may be neglected is not unreasonable. Accounting for radial
diffusion would significantly increase the computational complexity of the program and would

require a level of modeling sophistication beyond the scope of this work.
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1.4.4 Flow tube analysis II. Numerical solution

By conceptually dividing the flow tube into a series of well-mixed segments of width dz,
we can achieve a numerical solution of eq. 1-26 and model an adsorption experiment in a variety

of cases. All simulations described were programmed and executed using MATLAB 6.0.

i-1 1 i+1

GAS PHASE

ICE SURFACE

ICE

Figure 1-11. Schematic diagram for numerical modeling of flow tube with solute-wall
interaction including diffusive loss.

For surface adsorption on the flow tube walls, eq. 1-26 can be discretized for numerical solution

by an explicit finite difference scheme as follows''*!!:

AE: (t) = Et,z - Et—l,z = ‘A—t2D(—‘ 26:—1,: + Et—l,:—l + —ér—l‘:+l )
(az) : 1-34.

—%U(Et—l,z - EI-]):—I )— At},’AC“ ®)

The limiting condition for Eulerian stability is'"?
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Ay<r, 1-35.
Az

The boundary and initial conditions for an adsorption experiment are

C =0
Ctzy=1% T® 1-36.
0 fort<O
and
c,(0,2)=C,(0,2)=0. 1-37.

For the desorption stage of an adsorption experiment, the boundary and initial conditions are

C(t,72) ={go ’frz: f:g 1-38.

¢,(0,2) =c,, 1-39.
and

C,(0,2)=C,, 1-40.

where ¢, pand Cj are the equilibrium surface and near-surface concentrations corresponding to a
gas-phase concentration of C,, assuming that the adsorption phase of the experiment proceeded
to equilibrium.

For all cases we are interested in solving for C(¢, L), the concentration observed by the
detector.

For Langmuir adsorption, we must solve for #and C simultaneously. Eq. 1-6 is
discretized as follows:

Ac,(£)=SA0(t) = S(k,i .y, 1= 0,.,,.) Ko B, At - 1-41.

Eqgs. 1-35 and 1-41 are used to calculate #and C as functions of time and space and ultimately

obtain the uptake curve.
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Listed in Table 1-2 is a summary of parameters relevant for modeling this system.

Parameter Symbol Value
Gas phase HCI density C [2-510" moleculescm™
Solubility of HCl in liquid water Csat | 6.1'10” moles HCl'cm™ H,0
at -70.5 °C, 1.1'10° Torr HCP®
3.17-107™" exp( 28065)13,,0,”2"3
Solubility of HCl in ice Csat T
moles HClcm™ ice* (Puc in Pa, T in K)
Diffusion coefficient, HCI in ice D; 10 cm?s T3
168.4 cm’s™ (-60 °C)
Diffusion coefficient, HCI in He D 147.4 cms™ (77 °C)™
Diffusion coefficient, CC,F, in He D 84.3 cm’s™ (-73 °C)"4 1>
Diffusion coefficient, CH;COOH in He D |102.6 cm’s” (-60 °C)''* 116
Film thickness l; 700 pum (smooth ice)
2 mm (zone-refined ice)
Flow tube length L 40 cm
Ice sample length L 4- 10 cm
QLL thickness L 10-100 nm
Tube inner radius R 1.25 cm (smooth ice)
0.74 cm (zone-refined ice)
Theoretical saturation surface coverage 10" molecules'cm™
Gas velocity U 1400 cm's™ (smooth ice)

2000 cm's™ (zone-refined ice)

Table 1-2. Parameters used for modeling flow tube experiments.
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1.5 Thesis outline

The main goal of this research has been to test the hypotheses that a) HCI induces the
formation of a disordered region on the ice surface, or ‘quasi-liquid layer’ (QLL), at stratospheric
conditions, and b) the existence of the QLL explains the catalytic role PSC particle surfaces play
during chlorine activation. Another goal was to gain insight into the fate of HCI upon adsorption
to ice.

In Chapter 2, we present our study of the ice surface alone and in the presence of trace
amounts of HCI using the direct surface probe ellipsometry. We show that trace amounts of HC1
induce a disordered region on the ice surface near the solid-liquid equilibrium line on the HCI-
ice phase diagram, including at stratospherically relevant conditions. We estimate the real part
of the refractive index of the QLL formed via exposure to gas-phase HCl to be 1.35, closer to
that of liquid water or aqueous HCI solution than to that of ice. Based on this estimate of
refractive index, we estimate the thickness of the QLL in our experiments to be on the order of
100 nm. The ellipsometer measurements described in Chapter 2 were performed with Dr.
Thomas Loerting, currently at the University of Innsbruck, Austria.

Chapter 3 describes flow-tube CIMS studies of the chlorine activation reaction of HCI
with CIONO; (reaction (1.8)) on smooth and zone-refined ice surfaces. We show that the
presence of surface disorder enhances reaction (1.8). The results of this study lend support for
the trend observed via ellipsometry that surface disorder is induced by the presence of HCl in the
vicinity of the solid-liquid equilibrium line on the HCl-ice phase diagram, but that no detectable
disorder was observed on the interior of the ‘ice’ phase envelope.

In Chapter 4 we present a detailed flow tube-CIMS investigation of the interaction of HC1

with zone-refined, smooth and vapor-deposited ice films. The results of the HCI uptake
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experiments on zone-refined ice lend further support to the trend observed via ellipsometry that
HCl-induced surface disordering is confined to the vicinity of the solid-liquid equilibrium line on
the HCl-ice phase diagram. The results also indicate that the QLL is not like liquid water in its
ability to absorb HCI, but rather has a solubility that is between that of liquid water and that of
bulk crystalline ice I;.

We also show that HCl adsorption onto polycrystalline ice samples consists of two modes
of adsorption, one relatively strong mode leading to irreversible adsorption, and one relatively
weak binding mode leading to reversible adsorption. We present indirect evidence that these two
modes of adsorption correspond to adsorption to sites on crystal faces and those at grain
boundaries, but there is not enough experimental evidence to conclusively assign each adsorption
mode to a type of site.

Additionally, we show indirect evidence that HC] hexahydrate formation is a surface
process rather than one originating in the grain boundaries, as has been suggested for lower
temperature ices*. The study of HC1 hexahydrate formation on smooth ice described in Chapter
4 was conducted in conjunction with Prof. Franz Geiger, currently of Northwestern University.

Chapter 5 describes studies of the interaction of two other probe molecules, CH;COOH
and CCLF,, with ice, with and without HCI present. We show that the presence of the QLL
enhances CH3;COOH adsorption, and these findings suggest that the presence of surface disorder
on cirrus cloud ice particles enhance their scavenging ability. The results of this study also lend
further support for the trend observed via ellipsometry HCl-induced surface disordering is
confined to the vicinity of the solid-liquid equilibrium line on the HCl-ice phase diagram, and
provide additional evidence that the QLL is not truly liquid-like in its adsorption properties. We

also show that the sticking coefficient for adsorption of CCL;F; to ice changes with time during
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adsorption.
Finally, in Chapter 6 the main conclusions of the work are reviewed and

recommendations are made for future work.
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Chapter 2

Ellipsometer-CIMS Studies of Surface
Disorder on Ice

2.1 Introduction

Characterization of the interaction of hydrogen chloride (HCl) with polar
stratospheric cloud (PSC) ice particles is essential to understanding the processes
responsible for ozone depletion'?. To explain the catalytic role PSC particle surfaces
play during chlorine activation””, we proposed previously that HCI might induce the
formation of a disordered region on the ice surface, or ‘quasi-liquid layer’ (QLL), at
stratospheric conditions®. The QLL is known to exist on the surface of ice at
temperatures near the melting point, but the existence of a disordered region on the
surface of ice has not been confirmed at stratospheric temperatures.

Ellipsometry is a nondestructive surface-specific technique that allows direct
monitoring of changes in the state of the ice surface with changes in temperature or HC1
partial pressure. In ellipsometry, a light beam of known polarization is reflected from a
smooth sample surface and the polarization of the reflected beam is measured. The
change in polarization of the light beam upon reflection can be used to deduce the optical
properties of the sample. In our system, by continuously monitoring the polarization

state of the reflected beam while changing the ice sample temperature or HCI partial
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pressure we are able to detect the development of an interfacial layer on the ice surface or
changes in the thickness of that layer. See section 1.3 for a detailed description of the
ellipsometer-CIMS experimental system.

The Beaglehole bielli multilayer Igor Pro'™ software tool can be used to
simulate single-wavelength ellipsometry data for a system of multiple layers of different
materials and varying thicknesses on a substrate’. The program takes as inputs the real
and imaginary parts of the refractive index of each layer in the system, the wavelength of
the He/Ne laser (632.8 nm), and the angle of incidence, and calculates the transmitted and
reflected light intensities for the s and p polarizations through each interface in the
system. The relevant refractive indices for this experimental system are listed in Table

2-1. The optical properties of the QLL are not known.

Refractive Index
Substance i
Real Part, » | Imaginary Part, &
Ice 1.31° 1.110°°
Liquid H,O 13371 1.510°1
HCl trihydrate 144" not available
Concentrated aqueous solution > 133128 not available
(HNOs, H,S0O4, NaCl, or sugars)
Helium 1.00" 0

Table 2-1. Refractive index data relevant to the Ice-QLL-He system at 632.8 nm.

As shown in Table 2-1, at 632.8 nm, the values of the imaginary part of the
refractive index, k, for ice, liquid water, and He are near zero. To the best of our

knowledge, the optical properties of HCI hexahydrate are also unknown. For HCl
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trihydrate, n was measured to be 1.44 by Foster et al.", and for the nitric acid hydrates,
n>144",

Other parameters relevant to this system are the refractive indices of aqueous HCl
solutions of various concentrations at 632.8 nm. To the best of our knowledge, these data
are not available in the literature. However, refractive index data for concentrated

1213 indicate that the

aqueous solutions of HNO3, H,SO4, NaCl, and various sugars
addition of a solute to water increases the value of n, so that n > 1.33 at 632.8 nm.

Figures 2-1 and 2-2 show results of the bielli multilayer simulation
predicting ellipsometer signal vs. disordered layer thickness for an ice-QLL-He system
for several assumed values of ngr 1, the real part of the refractive index for the QLL. The
imaginary part of the refractive index, kqr1, was assumed to be 110%,

For all of the tested values of nqr1, the predicted ellipsometer signals change
nonlinearly and nonmonotonically with layer thickness. In all cases, the dependence of
the signals on layer thickness is periodic, but the period, amplitude, and overall functional
form of the dependence on layer thickness changes dramatically with small changes in
the assumed value of ngrr.. Because of this sensitivity to nqrL, by analyzing any
ellipsometer signal changes induced by changes in temperature or HCl partial pressure
during the experiment, it should be possible to make an estimate of nqrr as well as the
thickness of any induced layer.

We studied the interaction of HCI1 with ice under stratospheric conditions using
ellipsometry to monitor the ice surface and chemical ionization mass spectrometry
(CIMS) detection of the gas phase. Here we show that trace amounts of HCl induce QLL

formation near the solid-liquid equilibrium line on the HCl-ice phase diagram, including
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Figure 2-1. Results of Beaglehole multilayer simulation’ for the ice-QLL-He system for
1.0 < nquL < 1.20, where nq is the real part of the refractive index of the QLL. The
imaginary part of the refractive index, kqr1, was assumed to be equal to 1110, The angle
of incidence was 57°, and the wavelength was 632.8 nm. The grey curves represent the y
ellipsometer signal, and the black curves represent the x-signal. The system for nq L =
nge = 1.00 is the equivalent of an ice-He interface with no interfacial layer.

at stratospherically relevant conditions, and that the optical properties of the QLL are
closer to those of liquid water or what we would predict for a HCl solution (n > 1.33)

than to those of ice.
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Figure 2-2. Results of Beaglehole multilayer simulation’ for ice-QLL-He system for 1.25
< nqur < 1.50, where nquy is the real part of the refractive index. The imaginary part of
the refractive index, ko1, was assumed to be equal to 1'10°®. The angle of incidence was
57°, and the wavelength was 632.8 nm. The grey curves represent the y ellipsometer
signal, and the black curves represent the x-signal. The system for nqur = nice = 1.31 is
the equivalent of an ice-He interface with no interfacial layer.
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The ellipsometer measurements described in this chapter were performed with

Dr. Thomas Loerting, currently at the University of Innsbruck, Austria.

2.2 Results

Surface disorder was observed via ellipsometry on pure single-crystalline
hexagonal ice with no HCI present down to approximately -30 °C. This value is
consistent with other experimentally determined values of QLL onset temperature for
bare ice, which range from a few degrees below the melting point of water to less than
-40 °C ' (see Figure 1-2), and is also consistent with the theoretical predictions of
Baker and Baker®® and Ryzhkin and Petrenko®'.

Two types of HCl-ice experiment were performed using the ellipsometer-CIMS
system: a) constant temperature experiments in which the ice sample is exposed to a step
change in partial pressure of HCl and the ellipsometer signal is monitored over time, and
b) constant HCI temperature-scanning experiments.

Ellipsometer signal time traces for a typical constant-temperature experiment are
shown in Figure 2-3, which shows a time study of the phase-modulated ellipsometer
signal for an ice sample at -55 °C. At time 0, the ice sample was exposed to 610 Torr
HCI. Both the x- and y-signals were observed to change after an induction time of a few
hundred seconds. After approximately 4000 seconds, the HCI source was turned off and
the signal was allowed to recover. Then, at approximately 6300 seconds, the sample was
exposed to 210 Torr HCI (conditions known to cause melting of the ice sample at this
temperature). It can be seen that QLL formation can be distinguished from true melting

in the ellipsometer signal. In the constant temperature experiments, after exposure to
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Figure 2-3. Time study of phase-modulated ellipsometry signals for an ice sample at
-55 °C. The traces shown are the ellipsometer signals, in Volts, measured at 50 kHz
(x-signal, bottom panel) and 100 kHz (y-signal, top panel). The x- and y- signals are
related to the real and the imaginary parts of the reflectivity, respectively. At ¢ =0, the
ice sample was exposed to 610 Torr HCI. After approximately 4000 seconds, the HCI

source was turned off. Then, at approximately 6300 seconds, the sample was exposed to
2'10* Torr HCL.

HC], surface change was observed only after an induction time of 1-10 min. An aging
effect was observed in that induction times were seen to decrease after the first exposure
of a surface to HCL. Both the surface disordering and this aging effect were seen to be
reversible.

Ellipsometer signal time traces for a typical temperature-scanning experiment are
shown in Figure 2-4, which shows the ellipsometer signals for an ice sample exposed to
5107 Torr HCL. The ice sample was initially equilibrated at -52.5 °C, was cooled to

-77.2 °C, and then warmed again to -52.5 °C. As the temperature decreased, there was a
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Figure 2-4. Time study of phase-modulated ellipsometry signals for an ice sample
exposed to 5107 Torr HCI and temperatures ranging from -52.5 °C to -77.2 °C. The ice
sample was held initially at -52.5 °C, cooled to -77.2 °C, and then warmed again to
-52.5 °C. The traces shown are the ellipsometer signals, in Volts, measured at 50 kHz

(x-signal, bottom panel) and 100 kHz (y-signal, top panel). The x- and y-signals are
related to the real and the imaginary parts of the reflectivity, respectively.

discontinuity in the signals corresponding to a surface change at -66.5 °C. When the
sample was then warmed to its original temperature, another discontinuity was observed,
with the signals returning to their previous levels at -64.5 °C.

Figure 2-5 summarizes the results of our investigation of the HCl-ice phase
diagram using the ellipsometer-CIMS approach. Temperature scanning experiments such
as the one featured in Figure 2-4 are labeled using arrows. Constant-temperature
experiments such as the one shown in Figure 2-3 are labeled using filled boxes in Figure

2-5. A change in ellipsometer signal consistent with the formation of a disordered
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Figure 2-5. Summary of ellipsometer-CIMS study results: the HCl-ice phase diagram
adapted from Molina.’ Filled boxes (m) refer to conditions where a change in signal
consistent with the formation of a disordered interfacial layer on the ice surface was
observed upon exposure of the ice crystal to HCl, and open circles (0) refer to conditions
where no change to the ice surface was observed. Arrows represent experiments
involving a scan in temperature during exposure to a constant partial pressure of HCI.
Bars represent temperatures at which we observe cease/onset of surface changes. Phase
transition is indicated by delta symbols (A).
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interfacial layer on the ice surface was observed in the range of HCl partial pressures and
temperatures in the vicinity of the solid-liquid equilibrium line on the HCl-ice bulk phase
diagram. This range of conditions includes those encountered in the polar stratosphere
during PSC events. While surface disorder on ice at stratospheric conditions has been
predicted theoretically®, this is the first report of experimental evidence of HCl-induced
QLL formation at stratospheric temperatures.

In the range of HCl partial pressures and temperatures in the interior of the ice
stability envelope on the HCl-ice phase diagram, far from the solid-liquid equilibrium
line, no surface change was observed. For example, exposing an ice surface to
approximately 107 Torr HC1 was observed to induce QLL formation for T > -35 °C and
T <-65 °C, but in the region -35 °C > T > -65 °C we found no evidence of surface
change. Figure 2-6 shows an example of a constant-temperature experiment at -55 °C
and 2'10°® Torr HCI in which no surface change was observed upon exposure to HCIL.
The gas phase HCI CIMS signal is shown along with the ellipsometry signals. After the
injector was withdrawn and the ice sample was exposed to HCI, the CIMS signal
indicates HCI adsorption, but both the x and y ellipsometry signals stay roughly constant
within the noise for 25 min. Experiments such as this oné are labeled using open circles

in Figure 2-5.
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Figure 2-6. Time study of phase-modulated ellipsometry and CIMS signals for an ice
sample at -55 °C exposed to 210 Torr HC1. The traces shown are the SFsCI" CIMS
signal, corresponding to the gas phase HCI concentration (top panel), and the x- and y-
ellipsometer signals in Volts (bottom and center panels, respectively). At¢=0, the
injector was withdrawn, exposing the ice sample to 210 Torr HCl. Before ¢ =0, the
glass injector was pushed to the front of the flow tube, blocking the laser beam of the
ellipsometer. This created the discontinuity in ellipsometer signals at ¢ = 0.
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2.3 Discussion

Surface disorder was observed via ellipsometry on pure single-crystalline
hexagonal ice with no HCI present down to approximately -30 °C. This value is
consistent with other experimentally determined values of QLL onset temperature for
bare ice, which range from a few degrees below the melting point of water to less than
-40 °C ]6-19.

HCl-induced surface disordering has been predicted theoretically®, but this is the
first report of experimental evidence for HCl-induced QLL formation at stratospheric
conditions.

Indirect support for our observation that HCl-induced surface change is confined
to the region of the HCl-ice phase diagram near the solid-liquid equilibrium line is found
in the work of Hynes et al.?* In their coated wall flow tube experiments, at 10° Torr HCIl,
they observed that the uptake coefficient,  of HCI on ice decreased from y> 0.1 at 200
K (conditions at which we observe surface change) to ¥< 0.01 upon increasing the
temperature to above 205 K (conditions at which no surface change was observed in our
experiment). Surface disorder is expected to enhance HCI uptake efficiency. Our flow
tube-CIMS studies, presented in Chapters 3, 4, and 5, lend further support for the
observed trend.

In both Figure 2-3 and Figure 2-4, it can be seen that, upon QLL formation, the
the x ellipsometer signal begins to increase. Comparing this observation to Figures 2-1
and 2-2, which show the predicted signal change for various assumed values of the
refractive index, we see that an increase in x-signal with increasing thickness (starting at

0 nm) is consistent with the predicted signal change for nqr > 1.31.

79



From Figure 2-2 it can be seen that, in the range 1.31 < ngry < 1.5, the amplitude
of the dependence of the y-signal on QLL thickness increases with increasing nqrr.

Shown in Figure 2-7 is the amplitude as a function of nq for 1.31 <ngry < 1.5.

0.08 -
&)
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Figure 2-7. Predicted amplitude of the dependence of the y-signal on QLL thickness as a
function of the real part of the refractive index of the QLL, nqrr, obtained using
Beaglehole multilayer software ’. The imaginary part of the refractive index, kqrr, was

assumed to be equal to 1'108. The angle of incidence was 57°, and the wavelength was
632.8 nm.

We can estimate the amplitude of the dependence of the y-signal on QLL

thickness for this system to be 0.023 from Figure 2-3. Therefore, from Figure 2-7 we can
estimate that norr = 1.35. This suggests that the optical properties of the QLL are closer

to those of liquid water, or what we would predict for an HCI solution (n >1.33), than

those of ice.
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Shown in Figure 2-8 are results of the bielli multilayer simulation
predicting the expected signal change vs. disordered layer thickness for an ice-QLL-He

system for nor = 1.35 and kqrr.= 1.1'10%,
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0 200 400 600 800 1000
QLL Thickness (nm)

Figure 2-8. Simulated signal v. thickness for the ice-QLL-He system with ngr = 1.35
and ko1, = 1.1'10%obtained using Beaglehole multilayer software’. The angle of
incidence was 57°, and the wavelength was 632.8 nm. The grey curve represents the y
ellipsometer signal, and the black curve represents the x-signal.

In Figure 2-8, both the x- and y-signals undergo a full oscillation every ~ 300 nm.
The x-signal increases monotonically until reaching its first peak at 150 nm. The y-signal
decreases monotonically until reaching its first trough at 65 nm. Comparing Figure 2-4
to Figure 2-8, since both the x- and y-signals are still in the monotonic regime of the

signal change, we estimate 0 nm < Io L < 65 nm. For Figure 2-3, since both traces have

changed nonmonotonically but a full oscillation has not been completed, we can estimate

150 nm < IQLL <300 nm.
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Generally, we observed signal changes corresponding to development of an
interfacial layer of thickness on the order of 100 nm depending on the quality of
measurements of QLL thickness on bare ice close to the melting point reported in the

1.22% who estimated the thickness of

literature (see Figure 1-2), and with Fluckiger et a
an HCl-rich near-surface region to be 60 +/- 10 nm for single-crystalline ice and 2 =130

+/- 20 nm for bulk (polycrystalline) ice using CIONO;, titration®.

2.4 Conclusions

Surface disorder was observed via ellipsometry on pure single-crystalline
hexagonal ice with no HCI present down to approximately -30 °C.

We observed HCl-induced surface change in the region of the HCl-ice phase
diagram near the solid-liquid equilibrium line, including conditions relevant to PSC
events. This is the first report of experimental evidence for HCl-induced QLL formation
at stratospheric conditions.

The experimental results suggest that norr = 1.35. Therefore, the optical
properties of the QLL are closer to those of liquid water, or what we would predict for an
HCl solution (n >1.33), than those of ice.

We estimate the thickness of the disordered layer to be up to a few hundred
nanometers depending on the quality of the ice surface and the location in the phase

diagram.
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Chapter 3

CIONO, + HCl on 1ce

3.1 Introduction

The following reactions, which occur on the surfaces of PSC ice particles, act to convert

chlorine in the stratosphere from the relatively inert reservoir species HC1 and CIONO; to Cl,:

CIONO, + HC! —> Cl, + HNO; 3.1)
CIONO, + H,0 — HOCI + HNO; (3.2)
HOCI + HCl - Cl, + H,0 (3.3)

The reaction probability, v, of reaction (3.1) on ice has been found in several laboratory
studies to be high (y > 0.1)'” and independent of HCI partial pressure, even at very high HCI
partial pressures that are known to induce melting of the ice sample®. Several scenarios have
been proposed for the mechanism of reaction (3.1).

It was suggested that reaction (3.1) may proceed through reaction (3.2) and then reaction
(3.3)**, with reaction (3.2) being the rate-limiting step. However, it was later found that, while
this pathway is possible, the rate for the direct reaction (3.1) is greater than that for reaction
(3.2), and therefore the direct reaction is likely to be more important than the two-step

mechanism’. Lee et al.® observed that when exposing HCl-covered ice to CIONO, under
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stratospherically relevant conditions, monitoring the evolution of the Cl, product signal or the
CIONO; reactant signal gave the same result in kinetics analysis, indicating that reaction (3.1) is
indeed the major channel for chlorine activation.

The fact that the reaction (3.1) proceeds as efficiently on ice at stratospheric conditions as
it does at very high HCl partial pressures that are known to induce melting of the ice sample ®
suggests that reaction (3.1) proceeds via a direct ionic mechanism on ice under stratospheric
conditions, as it would on a liquid HCI'H,O solution. Oppliger et al. observed via Knudsen cell
experiments that if HCl-covered ice is exposed to CIONO; under stratospheric conditions, Cl, is
released immediately, without delay’. This was interpreted to mean that Cl, is most likely
formed directly from reaction of CIONO; with the adsorbed HCI species to form Cl,, rather than
forming an intermediate precursor species. Furthermore, the same trend of immediate formation
of Cl, was observed for HCI hexahydrate exposed to CIONO,°. Since HCl is in ionic form in
the HC1 hexahydrate crystal, the implication is that a direct ionic mechanism is at work under all
conditions where immediate evolution of Cl, is observed upon exposure of HCl-ice systems to
CIONO; (including stratospherically relevant conditions).

The presence of surface disorder on ice at stratospherically relevant conditions is one
possible explanation for the observed efficiency of reaction (3.1) and its apparently ionic nature.
Using reaction (3.1) to probe regions of the HCl-ice phase diagram where disorder was and was
not observed using ellipsometry can provide a test of this hypothesis and support for our
observation that HCI induces surface disordering only in the vicinity of the solid-liquid
equilibrium line on the HCl-ice phase diagram.

We have studied the reaction of CIONO, with HCI adsorbed on zone-refined and smooth

ice samples using the coated wall flow tube-CIMS technique. Here we show that the presence of
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surface disorder enhances the efficiency of reaction (3.1).

3.2 General experimental procedure

For a general description of the flow tube-CIMS system and ice samples preparation, see
section 1.3.

In the CIONO; + HCI experiments, the ice film was exposed to dilute samples of HCI and
CIONO; via separate heated moveable injectors. The dilute CIONO, samples were prepared
using vapor from a high-purity liquid sample maintained at -77 °C, diluted in He and stored in a
darkened glass bulb to prevent UV decomposition. The purity of each dilute sample was
checked using UV-vis spectroscopy. A fresh dilute sample was prepared for each day of
experiments. The liquid CIONO, sample was prepared from CIF and Pb(NO;), using the method
of Schmeisser'® (see the Appendix to this chapter for details of the synthesis).

The reactive uptake experiments began with the injectors pushed to the front of the flow
tube, past the ice, near the detector inlet. First, constant flows of HC1 and CIONO, were
established and the corresponding baseline signals were recorded. The HCI injector was
withdrawn and the entire length of the ice sample was allowed to reach equilibrium with the gas
phase HCL

The CIONO; injector was then withdrawn to exposethe desired length of HCl-covered
ice to CIONO;. The uptake CIONO; and the associated Cl, evolution were monitored. To
obtain reaction probability data, reactive uptake measurements were performed for several
exposed ice lengths (and thus reaction times). The slope of a plot of the natural logarithm of the
observed change in partial pressure of the product species, Cl,, versus reaction time yields the

observed reaction rate constant. The observed reaction rate constant can then be converted into a
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wall loss rate constant and reaction probability using the Brown algorithm, which accounts for
diffusion to the wall in the laminar flow tube'’.

Values of reaction probability reported here were calculated using a CIONO, diffusion
coefficient in He of 176 cm’sec” Torr at -73 °C, assuming a T"7¢ dependence (with T in
Kelvin)'%. Reported uncertainties reflect an assumed 20% uncertainty in diffusion coefficient

and the uncertainty in observed loss rates.

3.3 Results

3.3.1 Zone-refined ice samples

The reaction of CIONO; with adsorbed HCl on zone-refined ice cylinders was studied
using the flow tube-CIMS technique. The results of this study are shown in Figure 3-1 and
Figure 3-2. Experiments shown were conducted at approximately 10 Torr HCI and 5107 Torr
CIONO;, (pseudo-first-order conditions). The left and right panels show studies of the reaction at
-77 °C and -56 °C, respectively, and the upper and lower panels show CIONO; and Cl, mass
spectrometer signals, respectively. The production of Cl,, and thus the efficiency of the reaction,
decreased as we moved from conditions where surface change was observed with the
ellipsometer (the ‘QLL’ region of the phase diagram) to those where no surface change was
observed (the ‘non-QLL’ region of the phase diagram). At -77 °C, the reaction was observed to
proceed efficiently (y > 0.1), and HCl was readily available on the surface for reaction, as has

1,2,4-7

been observed by previous investigators . At -55 °C, with the same reactant concentrations,

HCI was no longer readily available on the surface for reaction, despite the constant gas-phase
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Figure 3-2. Cl, mass spectrometer signal for the reaction of CIONO, with adsorbed HCl on
zone-refined ice at approximately 110 Torr HCI, 5107 Torr CIONO; and -56 °C.

presence of HCL. Under these conditions, Cl, evolution consisted of an initial ‘burst’ followed
by a tailing off of Cl, release. Kinetic analysis of the ‘burst’ portion of the Cl, signal yields a
reactive uptake coefficient at least one order of magnitude smaller (y = 0.014 +/- 0.005) than the

same reaction at temperatures where surface change was observed using ellipsometry.

3.3.2 Smooth ice films

Reaction (3.1) was also studied on smooth ice films using the flow tube-CIMS technique
at a variety of conditions (-77 °C, -73 °C, and -55 °C, and 107 Torr < Py <210 Torr ).
Pcionoz was again controlled to half or less of the value of Pyc so as to maintain pseudo-first-

order conditions. When only CIONO; loss was monitored, kinetic analysis of the data obtained
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in this study yielded in all cases a corroboration of literature results (> 0.1), regardless of the
location within the ‘ice’ stability region of the phase diagram.

The Cl, evolution traces for this study showed a difference in HCI surface availability in
the ‘QLL’ and ‘non-QLL’ regions of the HCl-ice phase diagram similar to that observed in the
zone-refined ice study, although the distinction was more pronounced for the zone-refined ice
samples. The results of this study are shown in Figure 3-3 and Figure 3-4. Experiments shown
were conducted at approximately 10 Torr HC1 and 5107 Torr CIONO, (pseudo-first-order
conditions). The left and right panels of Figure 3-2 show studies of the reaction at -55 °C and
-75 °C, respectively, and the upper and lower panels show CIONO; and Cl, mass spectrometer
signals, respectively. Figure 3-3 shows in further detail the Cl; evolution trace for the reaction
at -55 °C.

For the reaction at -75 °C, 10 Torr HCl and 4.5107 Torr CIONO,, HC1 was observed to
be readily available on the surface for reaction. At -55 °C with the same reactant concentrations,
Cl; evolution was less in relative magnitude and consisted of an initial ‘burst’ followed by a
decrease of Cl; release, however, the relative magnitudes of the ‘burst’ and the following plateau

were closer than what was observed in the zone-refined ice study.

91



‘K1oA130adsal ‘sjeudis Jojowondads ssewr ¢ pue CONOID Moys sjaued 1amo]

pue Jaddn oy pue ‘A[oA1399dsa1 ‘), G- puB D, $G- I8 UOIIORAI AY) JO SAIpnIs moys sjoued Y31 pue 139]
Ay ‘(suonipuod Japio-isiy-opnasd) ZONOID 1101, .01 ‘[OH HOL ;. 01.1 A[orewnrxoidde 1e pajonpuod
d19M UMOYS SJudWILIddXY “sw[lJ 991 Yjoows uo [JH Pagqlospe Yim IQONOID JO Uonoeas ay] *¢-¢€ dIngig

(s) swny, (s) sy,
001 0s 0 0¢l 00!} 05 0
L ] 1 L 1 i i
= ﬂua M T W.O
o ] m i ~0'1
oo
@,
BA M -§'l
{s) aun (s) suny
001 0s 0 051 001 0s 0
L f 1 > i i : ]
<
g
m.“ - <0
m }
=01
ks
-
W -§'1
TIO-UoN

1D pazijsuuoN

18 <

reudis CONOID pazifeusioN

92



'~
w
J

o
N
1

Normalized CIONO, signal

0.8 T 1 T 1
0 50 100 150

Time (s)

Figure 3-4. Cl, mass spectrometer signal for the reaction of CIONO, with adsorbed HCI on
smooth ice film at approximately 110 Torr HCI, 5107 Torr CIONO, and -55 °C.

3.4 Discussion

The efficiency of the CIONO; + HCl reaction on zone-refined ice was observed to be
enhanced in the ‘QLL’ region of the HCl-ice phase diagram compared to the range of conditions
where HCI was not observed to induce surface disorder with the ellipsometer. It is clear that the
presence of the QLL serves to enhance the reaction. The reaction-enhancing role of the QLL
may lie in its ability to supply HCl to the reaction, and/or in its ability to facilitate ionization of
the reactants.

The reaction was observed to proceed less efficiently when no surface disorder was
present than under QLL conditions. No detectable delay was observed in Cl, evolution upon

exposure of the HCl-covered ice samples to CIONO;; in fact, Cl, evolution under ‘non-QLL’
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conditions was observed to consist of an initial burst followed by a by a tailing off of Cl, release.
While the flow tube-CIMS technique does not provide us with direct experimental evidence of
the molecules on the surface during reaction, following the logic of Oppliger et al.” and Horn et
al.’, this suggests that reaction (3.1) proceeds via a direct mechanism in the absence of the QLL,
but is limited by the availability of HCI on the surface.

For the reactive uptake measurements on smooth ice, when CIONO; loss was monitored
rather than Cl, evolution, this study yielded high reaction probability (3> 0.1), regardless of the
location within the ‘ice’ stability region of the phase diagram. One possible explanation for this
1s the following: it is expected that CIONO; loss would be efficient both on bare ice (CIONO,
hydrolysis, reaction (3.2)) and in the presence of HClI under these conditions, and therefore this
probe is insensitive to the availability of HCI on the surface. This suggests that the degree of

surface disorder does not affect the rate of CIONO; hydrolysis.

3.5 Conclusions

We have shown that the presence of surface disorder enhances the chlorine-activation
reaction of HCI with chlorine nitrate (CIONO,). The results of this study lend support for the
trend observed via ellipsometry that surface disorder is induced by the presence of HCl in the
vicinity of the solid-liquid equilibrium line on the HCl-ice phase diagram, but that no detectable

disorder was observed on the interior of the ‘ice’ phase envelope.
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Appendix: Synthesis of CIONO,

In atmospheric chemistry laboratories, the synthesis of CIONO; is most commonly
achieved via reactions of chlorine oxides with NO; or N,Os L1218 - Another approach to CIONO,
synthesis, which was first suggested by Shack, is the reaction of CIF with HNO;'. This
approach is less environmentally friendly than the chlorine oxide/nitrogen oxide reactions, but
avoids the preparation and handling of hazardous chlorine oxides and simplifies the synthesis to
a single step. The main drawback of the Shack approach is that that gaseous HF is produced as a
byproduct of the reaction. HF requires careful handling, and it also has a boiling point very close
to that of CIONO, (CIONO,: 22.3 °C, HF: 19.5 °C), making separation difficult'’.

The approach used in this study was originally presented by Schmeisser'®'®!". This

approach produces high purity CIONO; in a single reaction step:

2 CIF(g) + Pb(NO;); (s) » 2 CIONOy(g) (3.4

1. Fill a glass bulb with 0.2 mol CIF(g) (i.e., for 4.8 L bulb fill to 760 Torr). Both the bulb
and the vacuum line (including the cold trap) should be dry to avoid HF formation and
glass etching. When shutting down vacuum line after handling CIF, the trap should be
purged with dry N, or He (rather than room air). The vacuum line and the bulb should
also be free of organics in order to avoid the oxidation reaction with CIF. Every

precaution should be taken to avoid exposure to and/or release of CIF.

2. Dry Pb(NOs), overnight in oven at 110 °C '*. Any lumps should be broken up or

discarded. Pb(NOs), should be in excess by at least 20% in order to ensure complete
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conversion of CIF to CIONO,. Skin contact with Pb(NOs), should be avoided.

3. Transfer dry Pb(NO;3), to a clean, dry 1200 mL stainless steel reactor vessel. Evacuate

and seal the reactor, and place in liquid nitrogen bath.

4. Arrange the ClIF-filled bulb and the reactor vessel on the vacuum line as shown in Figure

3-5. The valve to the vacuum line is closed during the procedure.

—— To vacuum
pump

Figure 3-5. Experimental setup for CIONO, synthesis.

5. Open the reactor and CIF-filled bulb to the evacuated line and allow 1-2 hours for CIF to

condense onto Pb(NOs),.

6. Seal the reactor and transfer to a dry ice-isopropanol bath (-77 °C). Leave overnight.
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7. The reaction is complete when the pressure inside the reactor has decreased to the
CIONO; vapor pressure at -77 °C (approximately 1 Torr). See Table 3-1 for a list of CIF

vapor pressures at relevant temperatures.

CIF Vapor
Temperature
Pressure (Torr)
-196 °C (liquid nitrogen) <0.75
-95 °C (toluene-liquid nitrogen) 465
-77 °C (dry ice-isopropanol) 1425

Table 3-1. Vapor pressure of CIF at select temperatures'®.

8. Transfer the CIONO; product via the vacuum line to a sample finger held at liquid
nitrogen temperature. The finger should be clean, dry, CIONO; conditioned, evacuated,
and equipped with Viton® o-ring seal. Shroud finger to avoid exposing the product to

light. Gradually warm the reactor to room temperature to collect all product.

9. Distill product repeatedly at -95 °C (toluene-liquid nitrogen) and -77 °C (dry ice-
isopropanol) until high purity is reached. Check purity via UV-vis spectroscopy. Each
distillation stage involves condensing product from one finger held at the distillation
temperature to another finger held at liquid nitrogen temperature. For the -77 °C
distillation, pure sample and high-vapor-pressure impurities will be collected in the liquid
nitrogen finger and low-vapor-pressure impurities, such as HNOs, will remain. For the

-95 °C distillation, high-vapor-pressure impurities, such as chlorine oxides, will be
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collected in the liquid nitrogen finger and the pure sample will remain.

Store the pure sample in a double-valved sample finger with Viton® o-ring seals in a dry ice-

isopropanol bath in the dark.
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Chapter 4

HCl-Ice interaction: Flow tube-CIMS studies

4.1 Introduction

Characterization of the interaction of HCl with PSC ice particles is essential to
understanding chlorine activation. As was discussed in detail in Chapter 1, the HCl-ice system
has been investigated using a variety of experimental and theoretical approaches. While these
studies have shown that HCl has a high affinity for PSC surfaces, with near-monolayer surface
coverages at conditions relevant to PSC events, the roles HCI and the ice surface play in the
reaction of CIONO, and HCI on ice remain to be clarified. At the heart of this uncertainty are
the state of the ice surface under stratospheric conditions and the fate of HCI upon adsorption
onto the ice surface.

Here we present a detailed flow tube-CIMS investigation of the interaction of HCI with
zone-refined, smooth, and vapor-deposited ice films. The results of this study give new
information about the fate of HCI upon adsorption to different types of ice under conditions
where HCl-induced disordering on ice was and was not observed using ellipsometry, and under
conditions where HC1 hexahydrate is formed. They also provide additional support to our
observation made via ellipsometry that HCI induces surface disordering only in the vicinity of

the solid-liquid equilibrium line on the HCl-ice phase diagram.
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The study of HCI1 hexahydrate formation on smooth ice described in this chapter was

performed in conjunction with Prof. Franz Geiger, currently of Northwestern University.

4.2 General experimental procedure

For a general description of the flow tube-CIMS system and ice sample preparation,
please see section 1.3.

In the HCI uptake experiments, the ice sample was exposed to a dilute mixture of HCl
(0.09% HCI mixture in Nitrogen, Matheson, further diluted in helium) via a heated moveable
injector positioned near the centerline of the flow tube. The experiments began with the injector
pushed to the front of the flow tube, past the ice, near the detector inlet. After a baseline HCI
signal was established, the injector was then withdrawn, exposing the desired length of ice film
to HCI1. In most cases, upon withdrawing the injector, the HCI signal was observed to drop and
then slowly recover as the surface approached equilibrium. After the desired uptake time had
passed, the injector was returned to the front of the flow tube, and the observed signal reflected
the original baseline signal plus the signal from any desorbing HCl.

Surface coverage data was extracted from the uptake curves by numerically integrating to
find the area between the curve and the baseline. To account for unknown irregularities at the
front of the ice film, and any artifacts due to mixing at the tip of the injector, absolute surface
coverages reported here are the difference in coverage between two uptake curves for two
different exposed areas. Reported uncertainties in surface coverage reflect the noise in the

signal, which was carried through the arithmetic operations according to Jeffries'.
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4.3 Results

4.3.1 Zone-refined ice samples

The results of our flow tube-CIMS studies of HCl adsorption on zone-refined ice
cylinders, as shown in Figure 4-1, demonstrate that the nature of the interaction of HCI with the
ice samples differs at the conditions under which surface change was observed with ellipsometry
from the HCl-ice interaction at conditions under which no surface change was observed.

In flow tube-CIMS studies of HCI uptake at -59 °C and 6.5:10” Torr HC], conditions
under which no surface change was observed with ellipsometry, we observed uptake that
appeared to be largely irreversible. Uptake under these conditions is shown in the top panel of
Figure 4-1. We observed the signal returning to the baseline within the experimental noise
within 1000 seconds of initiation of desorption, with recovery of roughly 20% of the adsorbed
HCl molecules. We observed an initial fast mode of HCI adsorption (6.0(1) "10' molecules'cm™
over 500 seconds), followed by a slower uptake mode, with the signal returning to at least 90%
of the baseline within 3000 seconds. Total HCI uptake was 1.2(1)'10'° moleculesem™. A
memory effect was observed in that uptake decreased in magnitude with subsequent exposures of
the same ice cylinder, with the third exposure resulting in roughly 60% of the uptake measured
upon the first exposure of the ice cylinder to HCI.

Uptake at -77 °C and 7.410” Torr HCI (QLL-forming conditions) is shown in the bottom
panel of Figure 4-1. An initial fast uptake mode was observed, resulting in uptake of
approximately 210" moleculescm™ over 180 seconds. A second adsorption mode was
observed that consisted of a nearly constant flux of HCI (510'! moleculescm™s™) from the

surface to the interior of the ice sample, which persisted throughout the time scale of the
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Figure 4-1. HCI adsorption on zone-refined ice under non-QLL and QLL-forming conditions.
Each panel shows normalized HCI mass spectrometer signal on the left axis and time on the
bottom axis. The top and bottom panels are for adsorption at approximately 7107 Torr HCI ,
and at -77 °C and -59 °C, respectively.

experiment (1 hour). A memory effect was observed in that this flux appeared to increase in
magnitude with subsequent exposures of the same ice crystal. Complete desorption data is not
available for adsorption under these conditions, but we observed that, upon initiation of
desorption, roughly 80% of the adsorbed HCI molecules were desorbed within the amount of

time that had elapsed during adsorption, and desorption continued beyond this point, indicating
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that adsorption on zone-refined ice under QLL-forming conditions is largely reversible.

Figure 4-2 shows HCl-induced melting at -70.5 °C and 1.110°° Torr HCI along with
uptake at -77 °C and 7.410” Torr HCI (QLL-forming conditions). It can be seen that the signal
vs. time curve for adsorption in QLL-forming conditions is distinct from that of HCl-induced

melting.
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Figure 4-2. HCl adsorption on zone-refined ice under QLL-forming and melt conditions. The
black trace shows adsorption at 710”7 Torr HCl and -77 °C (‘QLL’ conditions). The grey trace is
for HCl-induced melting at -70.5 °C and 1.1-10° Torr HCL.

4.3.2 Smooth and vapor-deposited ice films

The uptake of HCl on smooth and vapor-deposited ice films was studied at -77 °C,
70 °C, and -60 °C, and 510" Torr < Pyc; < 3107 Torr. Uptake curves that illustrate the results

of this study are shown in Figures 4-3 and 4-4. Generally, we again observed an initial fast mode
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Figure 4-3. HCI uptake on smooth ice samples at -60 °C and 7.4'10” Torr HCL. Each panel
shows HCI mass spectrometer signal for an uptake experiment, with the normalized signal on the
left axis and the raw signal on the right axis. The upper panel shows adsorption onto a ‘fresh’
ice sample. The lower panel shows adsorption for subsequent exposures.

of HCl adsorption, accounting for at least 75% of the total uptake within 180 seconds, followed
by a slower uptake mode, with the signal returning to at least 95% of the baseline within 1000

seconds.

Upon the first exposure of a fresh ice surface to HCI, only a fraction of the adsorbed HCl
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Figure 4-4. HCI uptake on smooth ice samples at -77 °C and 10 Torr HCL. Each panel shows
HCI mass spectrometer signal for an uptake experiment, with the normalized signal on the left
axis and the raw signal on the right axis. The upper panel shows adsorption onto a ‘fresh’ ice

sample. The lower panel shows adsorption for subsequent exposures.

was recovered when the injector was returned to the front of the flow tube and desorption was
initiated. This is an indication of both reversible and irreversible adsorption processes on the
surface. Adsorption curves of this type are depicted in the upper panels of Figure 4-3 and 4-4.

All subsequent exposures resulted in adsorption that is fully reversible on the time scale of the
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experiment (minutes). Adsorption curves of this type are depicted in the lower panels of Figure
4-3 and 4-4. Surface coverage was observed to be essentially constant for the second, third and
fourth exposures of an ice film to HC1. This effect was not observed to be reversible: after
removing the HCl source for up to 1.5 hours, additional HCl desorption was not detected, and in
the next uptake experiment no additional irreversible uptake was observed. The uptake curve
was typical of an ice surface that has been previously exposed to HCI rather than a refreshed ice
surface.

Saturation surface coverage was measured to be 2-3.10'* molecules:cm™ on smooth ice
after the first HC] exposure, depending on temperature. Surface coverages for the first exposure
of a fresh ice surface to HCI were observed to be 1.5-2 times greater than aged ice surface
coverages on smooth ice, depending on temperature. At -77 °C, the ratio of irreversibly
adsorbed HCI molecules to reversibly adsorbed HC1 molecules was 0.99(9):1. At -60 °C, the
ratio of irreversibly adsorbed HCl molecules to reversibly adsorbed HCI molecules was
0.76(8):1. Each of these ratios is an average of ratios calculated from uptake data from five
aging experiments, with each experiment consisting of a sequence of four exposures (HCI1
adsorption and desorption) on one ice film. No dependence of the ratio on Pyc; was observed at
any temperature.

The ratio of irreversibly adsorbed HCI molecules to reversibly adsorbed HCI molecules
was not observed to be appreciably different for smooth ice films and vapor-deposited ice films.
The only difference in uptake on smooth and vapor-deposited ice films was in the magnitude of
observed uptake, due to the higher surface area of the vapor-deposited ice. HCI surface coverage
for a ~200 pm thick ice film deposited from the vapor phase at a rate of 4 mg'min™' was

approximately 7 times greater than coverage on smooth ice at the same conditions.
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4.3.3 HC1 hexahydrate formation

On smooth ice films, at -87 °C and HCI partial pressures above 4.5107 Torr, we observed
HCl losses beyond the expected profile for an adsorption/saturation process consistent with the
formation of the HCI hexahydrate. Figure 4-5 shows uptake curves for HC1 adsorption on
smooth ice at -87 °C for HC] partial pressures of 3.9°107 Torr and 5.8'107 Torr. For the lower
HCI partial pressure, the uptake curve exhibits an initial fast adsorption mode followed by slower
adsorption leading to saturation. At the higher HCI partial pressure, which lies in the region of
the HCl-ice phase diagram where HCI hexahydrate is the stable phase (see Figure 1-2), the same
fast adsorption mode is observed initially, but then approximately 150 seconds after exposure a
pronounced dip appears in the signal which is indicative of a secondary adsorption process.
Uptake curves of this form were only found within the HC1 hexahydrate stability region of the
HCl-ice phase diagram.

We tested this secondary adsorption process to confirm that it was hexahydrate formation
by measuring the water vapor pressure of several smooth ice films held between -85 °C and
-78 °C as a function of HCI partial pressure in the flow tube. At each ice film temperature, the
water vapor pressure remained at the equilibrium ice vapor pressure for small Pyc), and
decreased for HCl partial pressures above the HC1 hexahydrate stability line on the phase
diagram, with slopes corresponding to the molar ratio of water to HCI (6:1) of the HC1
hexahydrate.

HCI uptake beyond saturation corresponding to HC1 hexahydrate formation was also
observed on zone-refined ice and on single-crystalline ice samples. HC! hexahydrate formation

was not observed on vapor-deposited ice samples under any conditions. Shown in Figure 4-6
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Figure 4-5. HCI adsorption on smooth ice at -87 °C. The gray trace was obtained for an HCI
partial })I‘CSSUI‘C of 3.9107 Torr; the black trace was obtained for an HCI partial pressure of
5.8'10" Torr. '

is a summary of the results of several HCl uptake experiments on smooth, vapor-deposited,
zone-refined, and single-crystal ice samples under the range of conditions known to produce HCl
hexahydrate, superimposed on a detail of the HCl-ice phase diagram from Molina®>. Experiments
were performed on single-crystal ice samples as part of the ellipsometer-CIMS study, as

described in Chapter 2.
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Figure 4-6. HC1 hexahydrate formation for different types of ice surface. The background is a
detail of the HCl-ice phase diagram from Molina®. Triangles represent experiments on smooth
ice, circles represent experiments on vapor-deposited ice films, and diamonds represent
experiments on zone-refined or single-crystalline ice samples. Filled symbols indicate observed
HCI uptake beyond saturation corresponding to HC1 hexaydrate formation, and open circles
indicate no observed HCl hexahydrate formation.
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4.4 Discussion

4.4.1 QLL formation

The results of this study lend support for the trend observed via ellipsometry that surface
disorder is induced by the presence of HCl in the vicinity of the solid-liquid equilibrium line on
the HCl-ice phase diagram, but that no detectable disorder was observed on the interior of the
‘ice’ phase envelope. The results of the HC] uptake experiments on zone-refined ice, as shown
in Figure 4-1, provide further evidence that the nature of HC1 adsorption on ice differs at the
conditions under which surface change was observed with ellipsometry from the HCl-ice
interaction at conditions under which no surface change was observed.

On zone-refined ice in the ‘QLL’ region of the HCl-ice phase diagram, a nearly constant
flux of HCI from the surface to the interior of the ice sample was observed, which persisted
throughout the time scale of the experiment (1 hour). To further investigate this effect, we
employed our flow tube model as described in section 1.4 with a model of (a) absorption of HCI
to a true liquid water layer, (b) absorption to a bulk ice layer, and (c) absorption to a surface
‘ayer with an HCI solubility, and thus desorption rate constant, intermediate between that of
water and ice. In all cases the model accounted for diffusion from the surface layer into the bulk
(as in eq. 1-22), assuming a diffusion constant for HCI in ice of 102 cm?s™ ®. The adsorption
rate was calculated based on gas kinetic theory (eq.1-1) and the rates of desorption for ice and
water were calculated based on solubility data (as in eq. 1-4). Note that, when calculating the
rates of desorption from equilibrium data, rates are scaled with the ratio of the volume element of
film to the volume element of gas, and are therefore dependent on the thickness of the surface

layer. For bulk ice, the desorption parameter kges Vjum/Veas = 5.2'10™* s, based on a solubility of
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3.5107 moles HCl'cm™ ice at -73 °C and 10 Torr HCI, from Thibert and Domine®. For liquid
water, kies Vim/Veas = 6.710°' s, based on a solubility of 25 % by weight at -77 °C and 1.510°
Torr HCI, from the phase diagram of Molina®.

The results of the simulations are shown along with the experimental data for comparison
in Figure 4-7. HCl uptake on zone-refined ice under QLL-forming conditions can be best be
described at long times by absorption to a surface layer with a desorption rate of kges Viitm/Vgas =
1.5.10° s, intermediate between that of a true liquid layer and bulk ice. For kyes Vim/Vias =
1.5.10° s and a surface layer 100 nm thick, assuming y= 0.1, and D; = 10"? cm’s™, we find
that, after 3000 seconds of exposure to gas phase HCI, the near-surface concentration throughout
the exposed area of the film reaches a value of approximately 910" moles HCl'cm?, and the
diffusive flux from the near-surface region into the interior of the film is 5.3:10"
moleculescm™s™,

Recalling Figure 1-9, the results of this analysis suggest that the surface-to-bulk loss we
observe at long times can be explained in part by diffusion from a relatively concentrated surface
layer into the bulk. This interpretation is consistent with those put forth by Huthwelker et al.*
and the Rossi group>”.

At long times, our model is insensitive to surface layer thickness. This can be seen by
comparing the curves labeled (c) and (d) in Figure 4-7, which show adsorption for surface layers
100 nm and 1 nm thick, respectively, both with kses Vim/Vgas = 1.5.10° 5. The reason for this is
that, regardless of the thickness of the layer, the same equilibrium near-surface concentration is
achieved within a relatively short time. At long times the surface-to-bulk diffusive flux, in eq. 1-
22, is determined only by the near-surface concentration and the diffusivity. Therefore, we find

that adsorption to a true liquid layer, even a very thin one, overestimates the observed surface-to-
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Figure 4-7. Experimental data and simulation results for HCI adsorption on zone-refined ice
under QLL-forming conditions (-77 °C, 7107 Torr). Simulations were performed using the flow
tube model framework and a model of absorption of HCl to a) a bulk ice layer, b) a true liquid
layer, and a surface layer with Kges Vam/Vgas = 1.5. 10 s, which was ¢) 100 nm thick and d) 1 nm
thick. All models account for diffusion from the surface layer to the bulk. The adsorption rate
was calculated based on gas kinetic theory and the rates of desorption for ice and water were
calculated using solubility data.

bulk flux of HCI at long times, and adsorption to a solid ice layer, even a very thick one,
underestimates the observed surface-to-bulk flux of HCIL.

In our ellipsometry experiments, QLL formation was observed to begin after a delay of
600 seconds. The model presented here only describes adsorption to and diffusion from a
surface layer, and we have not made an attempt here to model QLL induction, or HCI adsorption
to the surface prior to QLL formation. Therefore, comparison of model to experiment is only

relevant after the 600 second induction period. Additionally, from Figure 2-3, it is clear that
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after QLL formation was initiated, QLL thickness continued to increase for as long as the crystal
was exposed to gas-phase HCI, reaching a thickness of 150 nm < /g1, < 300 nm after 4000
seconds. Our model assumes a surface layer of constant thickness.

A value of kues Viim/Veas = 1.5.10° s, regardless of assumed value for yor layer thickness
between 1 nm and 300 nm, corresponds to a solubility of C; = 9.3:10° moles HCl'.cm™ ice for the

QLL at -77 °C and 7107 Torr HCL.

4.4.2 HCl adsorption on ice

Generally, our observations of an initial fast uptake mode followed by a diffusive-type
loss for HC1 adsorption on all ice films used in this study are consistent with the findings of other
investigators*®. The memory, or ‘aging’ effect that was observed for all types of ice film used in

this study has been reported previously *%!%!!

, although a detailed study of the effect is not
available in the literature. Hanson and Ravishankara’s report that HCI uptake decreased by
approximately 50% after the first exposure of each ice sample to HCl is in good agreement with

our findings'®. Hynes et al. reported that up to 70% of incident HCl molecules were irreversibly

adsorbed in their experiments on smooth ice at -68 °C ''.

4.4.2.1 Smooth and vapor-deposited ice films

The Langmuir model for surface adsorption is described in detail in section 1.4.1. To
determine the effective saturation surface coverage, S, and the surface adsorption equilibrium
constant, b, at each temperature, the adsorption isotherm data obtained in the uptake experiments
on smooth ice under non-QLL conditions were analyzed using a weighted linear least squares fit

according to the following equation:

4-1.




The uptake data was tested to determine whether 1/¢; exhibited a linear dependence on Py, or
on 1/Pyc/. Within the Langmuir framework, a 1/Pyc/'? dependence would imply that each
adsorbed molecule would occupy two adjacent, identical adsorption sites (i.e., dissociative
adsorption). While such a simple model seems unlikely to sufficiently describe dissociative
adsorption on a real ice surface, a Pyc;" dependence has been reported previously by other
investigators*'!'2, The results of this test for the -60 °C adsorption isotherm are shown in Figure
4-8. Throughout the analysis, errors were propagated according to Jeffrey'. The linear 1/Pyc,"?
model equation is a poor fit to the 1/c; data, and the parameters from the fit are nonphysical:
S'=-4(2)10" moleculescm?, and b = -8(5)10° Torr™'. The linear 1/Pyc; model, eq. 4.1, fits
thel/c; data well and the fit yields parameters that make reasonable physical sense:

§=2.7(2) 10" moleculescm™, and b = 1.5(3)10° Torr”. Therefore, we conclude that the
dissociative Langmuir model is not suitable, and that the data is better described by the classical,
nondissociative Langmuir model.

The saturation surface coverage, S, and the equilibrium adsorption constant, b, obtained
via Langmuir analysis of the HCI adsorption isotherms on previously exposed smooth ice films
for the range of conditions where surface disorder was not observed using ellipsometry are listed
in Table 4-1. The HCl adsorption isotherms for -77 °C, -70 °C, and -60 °C are shown in Figures
4-9, 4-10, and 4-11.

Comparing Figure 4-3, which shows uptake curves for adsorption on smooth ice under
non- QLL conditions, and Figure 4-4, which shows uptake curves for adsorption under QLL-
forming conditions, demonstrates that, unlike what was observed in the zone-refined ice study,
there was no strong qualitative contrast found between the HCI uptake curves under QLL-

forming versus non-QLL conditions for adsorption on smooth and vapor-deposited ices.
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Figure 4-8. Langmuir fits of adsorption data for -60 °C. The inverse of the surface coverage is
plotted against the inverse of the HCI partial pressure (left panel), and the same data plotted
against the square root of the inverse of the HCI partial pressure (right panel). The lines indicate
the results of a weighted linear least squares fit. The parameters for the 1/PHC,” 2 fit are

S= -4(2)'1014 molecules‘cm‘z, and b = —8(5)’104 Torr”. The parameters for the 1/Ppy( fit are

S =2.7(2) 10" moleculescm™, and b = 1.5(3)'10° Torr™".

T(°C) | S (moleculescm™) b (Torr)
-60 2.7(2)'10™ 1.5(3)10°
70 2.6(4)'10" 4(1y10°
=77 3.1(9)10™ 1.8(8)10°

Table 4-1. Langmuir parameters S (saturation surface coverage) and b (adsorption equilibrium
constant) calculated via isotherm analysis for HCI adsorption on smooth ice films for the range
of conditions where surface disorder was not observed using ellipsometry.

However, as shown in Figures 4-9, 4-10, and 4-11, for the range of HCl partial pressure where
surface disorder was observed with ellipsometry, scatter in the uptake increased for each
isotherm, and in the case of the -77 °C and -60 °C isotherms (Figures 4-9 and 4-11), a unique

dependence of uptake on HCI partial pressure for each ice sample became apparent. For each of
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Figure 4-9. Adsorption isotherm for HCI on smooth ice at -77 °C. The dotted line demarcates
the ‘non-QLL’/’QLL’ transition at -77 °C (Prc ~3107 Torr HCI). The Langmuir adsorption
isotherm fit using ‘non-QLL’ data only is indicated. The parameters for the fit are listed in Table
4-2. The horizontal line indicates the average surface coverage in the ‘QLL’ region, 2.11(8) 10"
moleculescm™. In the QLL region, uptake data from the same ice sample have been represented
using like symbols.

the three temperatures studied, the adsorption isotherm showed a Langmuir-like dependence on
HCI partial pressure for the range of conditions where no surface disorder was observed with
ellipsometry. However, as demonstrated in Table 4-1, the equilibrium adsorption constant, b,
does not exhibit the linear temperature dependence expected for a true Langmuir system, as
described in section 1.4.1. One possible contribution to this disagreement with the Langmuir
paradigm is that it is possible that, due to the finite resolution of our ellipsometer, HCl-induced
disordering exists below the non-QLL/QLL boundary Pyc; values we have set based on our

ellipsometer data, introducing error into Langmuir fits including data at those borderline values.
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Figure 4-10. Adsorption isotherm for HCI on smooth ice at -70 °C. The dotted line demarcates
the ‘non-QLL’/’QLL’ transition at -70 °C (Pucy ~3.5:107-7-107 Torr HCI). The Langmuir
adsorption isotherm fit using ‘non-QLL’ data only is indicated. The parameters for the fit are
listed in Table 4-2. The horizontal line indicates the average surface coverage in the ‘QLL’
region, 2.12(9) 10" moleculescm™. In the QLL region, uptake data from the same ice sample
have been represented using like symbols.

The limited ability of a model as simple as the Langmuir model to describe adsorption on the ice
surface, given what we know about its changeable nature, is not surprising. However,
recognizing its limitations, the Langmuir model can be a useful tool in our analysis.

Using our flow tube modeling framework with a Langmuir model to describe the HCl-ice
interaction we can simulate both the shape of the uptake curves and the measured surface
coverage for HCl uptake on smooth ice samples which had been previously exposed to HCI
(‘aged’ samples). Based on the best fit to a sample of three measured uptake curves, we find that

HCI adsorption on smooth ice at -60 °C and non-QLL levels of HCl is well described by our
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Figure 4-11. Adsorption isotherm for HCl on smooth ice at -60 °C. The dotted line demarcates
the ‘non-QLL’/’QLL’ transition at -60 °C (Pucy ~1.2°10° Torr HCI). The Langmuir adsorption
isotherm fit using ‘non-QLL’ data only is indicated. The parameters for the fit are listed in Table
4-2. The horizontal line indicates the average surface coverage in the ‘QLL’ region, 1.67(4) 10"
moleculescm™. In the QLL region, uptake data from the same ice sample have been represented
using like symbols.

model with y=0.04 and » = 9.810° Torr™’. This value of b is consistent with the value obtained
via isotherm analysis (see Table 4-1) and this value of yis consistent with the findings of

Hynes et al''. The total number of sites, S, was assumed to be the measured saturation surface
coverage (see Table 4-1). The results of the simulation are shown in the plotted along the
experimental data for comparison in Figure 4-12. The simulation predicts a surface coverage of
1.2'10" molecules'cm™. The measured surface coverage was 1.5(2)'10'* molecules.cm™. The
surface coverages and shapes of the adsorption and desorption curves for fresh ice not previously

exposed to HCI, as shown in the top panels of Figures 4-3 and 4-4, can be reproduced to a
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Figure 4-12. Flow tube model simulation results for adsorption of HCl onto an aged smooth ice
surface at -60 °C and Pucy = 7.4'107 Torr.

reasonable approximation using a model that includes Langmuir adsorption of HCI to two types
of adsorption sites: one set of sites identical to the model used to describe the adsorption curves
on aged ice, as shown in Figure 4-12, and another set of adsorption sites with stronger binding
energy and a slightly lower sticking coefficient. The results of the simulation for -60 °C and
7.4107 Torr HCI are shown in Figure 4-13 along with the experimental data for comparison.
The best agreement with the observed amounts of adsorbed and desorbed HCI was obtained with
y=0.02and b= 2.0'10” Torr! for the second set of adsorption sites. The total number of sites, S,
was assumed to be equal to the measured saturation surface coverage in the case of the weaker-
binding sites (see Table 4-1), and that value divided by the experimentally determined ratio of
irreversibly adsorbed HCI molecules to reversibly adsorbed HCI molecules in the case of the
stronger-binding sites. The simulation predicted a surface coverage of 2.910" moleculescm™
The measured surface coverage was 3.1(3) 10" molecules.cm™. The predicted ratio of desorbed

HCl to adsorbed HCl was 0.62. The measured ratio was 0.76(8).

121



9 1.5 -
R
£
g 1.0
o
=
&b
‘o 0.5
@)
ju

T T
0 200 400 600

Time (s)

Figure 4-13. Flow tube model simulation results for adsorption of HCI onto a fresh smooth ice
surface at -60 °C and Pycy = 7.4'107 Torr. Simulation was performed using a model of the HCL-
ice interaction that includes Langmuir adsorption of HCI to two types of adsorption sites: one set
of sites identical to the model used to describe the adsorption curves on aged ice, as shown in
Figure 4-11, and another set of adsorption sites with stronger binding energy and a slightly lower
sticking coefficient.

4.4.2.2 Zone-refined ice samples

In the range of conditions where QLL induction was not observed with ellipsometry, we
observed largely irreversible uptake. The CIONO, + HCl reactive uptake experiments on zone-
refined ice indicate that only a small fraction of the HCI adsorbed under these conditions is
readily available on the surface for reaction with CIONO,.

Full isotherm data is not available for HCI adsorption on to zone-refined ice samples so
we are not able to rule out a Pyc; *-dependence Langmuir model as we did for the smooth ice
adsorption isotherms. Both (a) a model of Langmuir adsorption, and (b) a Py¢;'*-dependence
Langmuir model were tested against the experimental data. Both models were tested with and

without incorporation of HCl from the surface into the bulk and diffusion to the interior of the
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film, as in egs. 1-13 and 1-14.

The results of simulations (a) and (b) are shown along with the experimental data in Figure 4-14.
Based on analysis of a sample of four measured uptake curves, we find that both models
reproduce the uptake characteristics of HCI adsorption under non-QLL conditions on zone-
refined ice reasonably well. For simulation (a), the best agreement with the observed amounts of
adsorbed and desorbed HCI was obtained with 7= 0.012, b = 8.1-10° Torr, § = 610"
moleculescm™ and k;,. = 0.00035 s'. The near-surface region was assumed to have a depth of
100 nm. Note that, in this model, this depth does not have a physical significance as in the QLL
model, but a near-surface region must be defined in order to determine the near-surface
concentration that drives diffusion into the bulk (see eq. 1-22). In simulation (a), the
concentration of HCl in the near-surface region was 6106 moles HCl'cm™ ice after 3000 s of
adsorption, many orders of magnitude less than the solubility of HCI in bulk ice (3.5107 moles
HClem™ ?). For simulation (b), the best agreement with the observed amounts of adsorbed and
desorbed HC1 was obtained with y=0.012, b = 4.910°% Torr!, S=110" moleculescm?, and

kine = 0.00035 5. The near-surface region was again assumed to have a depth of 100 nm, and
the concentration of HCl in the near-surface region was 4.5'10™'¢ moles HCl'cm™ ice after 3000 s
of adsorption. Simulation (a) predicts an uptake of 9.5:10'* molecules.cm™ adsorbed and 1.7-10™
moleculescm™ recovered within 570 seconds of when the injector was returned to the front of
the flow tube and desorption initiated. Simulation (b) predicts a surface coverage of 9.510™
moleculescm™ and 1.5:10" moleculescm™? desorbed after 570 seconds. The measured surface
coverage was 1.2(1)10"° molecules.cm? and 1.7(1)' 10" molecules'cm™? were recovered after 570
seconds of desorption.

The best agreement between simulation and experiment for uptake curve shape and
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Figure 4-14. Experimental data and simulation results for HC] adsorption on zone-refined ice
under non-QLL conditions (-60 °C, 7107 Torr). Simulations were performed using the flow
tube model framework and (a) a model of conventional Langmuir adsorption with (thick curve)
and without (thin curve) incorporation of HCI from the surface into the bulk and diffusion to the
interior of the film, and (b) a Langmuir model with Py¢"2-dependence, with (thick curve) and
without (thin curve) incorporation of HCI from the surface into the bulk and diffusion to the
interior of the film to describe the HCl-ice interaction.

quantity of adsorbed molecules was achieved with the models that include incorporation and
diffusion into the bulk. The incorporation rate constant of 0.00035 s™ corresponds to a

maximum surface-to-bulk loss rate of 1.7'10"! molecules HCl'cm™s™.
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4.4.2.3 The fate of HCI upon adsorption to ice

The ratio of irreversibly adsorbed HCI molecules to reversibly adsorbed HCI molecules
on fresh ice samples was not observed to be appreciably different for smooth ice films and rough
ice films formed by deposition from the vapor phase. The only observed difference in uptake on
smooth and vapor-deposited ice films was in the magnitude of HC1 uptake due to the higher
surface area of the vapor-deposited ice. However, a qualitative and quantitative difference was
observed between HCI uptake on these two types of ice film versus on the zone-refined ice
samples. The zone-refined ice samples were thicker than the other two types of ice film,
although from Figure 1-8 it can be seen that only the topmost few microns of the ice film are
penetrated within the timescale of the experiment, and so the three types of ice film effectively
would have the same thickness. The key difference between the zone-refined ice cylinders and
the other two film types is that the zone-refined ice cylinders have larger grain sizes, or fewer
grain boundaries per unit surface area.

The fact that the most significant difference between the zone-refined ice samples and the
other two types of ice film studied is the degree of polycrystallinity, along with the results of our
simulation as shown in Figure 4-13, indicates that the two modes of adsorption that we have
observed can be attributed to adsorption on two different types of available adsorption sites on
the polycrystalline ice surface: sites located on grain boundaries and those located on crystal
faces. We do not have experimental evidence that conclusively identifies whether the
irreversible loss associated with adsorption on fresh smooth and vapor-deposited ice samples can
be attributed to adsorption into the grain boundaries, and the reversible adsorption associated
with adsorption on both fresh and aged smooth and vapor-deposited ice samples can be attributed

to adsorption on the crystal faces, or vice-versa.

125



Table 4-2 lists the adsorption parameters obtained using our simulations that describe the
three types of HCl adsorption under non-QLL conditions that we have observed in our
experiments. The data summarized in Table 4-2 suggest that two of the three types of HCI
adsorption under non-QLL conditions that we have observed in our experiments can be
described as exhibiting strong binding: non-QLL adsorption to zone-refined ice cylinders, and
the irreversible adsorption on fresh smooth ice cylinders. This suggests that the irreversible loss
observed upon HCI adsorption to fresh smooth and vapor-deposited ice samples can be attributed
to adsorption onto the crystal face, and that the reversible adsorption observed upon HCI
adsorption to both fresh and aged smooth and vapor-deposited ice samples can be attributed to

adsorption into the grain boundaries.

Model y kaes(s7) | b(Torr™)

Non-QLL adsorption, | 0,035 0.053 9.810°
Aged smooth ice

Strong-binding non-

QLL adsorption, fresh 0.02 0.001 2.010’
smooth ice

non-QLL adsorption, )
zone-refined ice 0.012 0.001 8.1'10

from Simulation (a)

Table 4-2. Adsorption parameters for HCI adsorption to smooth and zone-refined ice films at
-60 °C and non-QLL levels of HCI obtained via simulations.

It has been suggested previously'>'* that HCI loading at the grain boundaries could lead
to local disorder in the ice lattice. The HCl-loaded, disordered grain boundaries could have

properties similar to the zone-refined ice samples which have been exposed to HCI under QLL-

forming conditions; they would exhibit largely reversible adsorption and act as a source of HCl

that is readily available for reaction.
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Unlike what was observed in the zone-refined ice study, there was no strong qualitative
contrast found between the HCl uptake curves under QLL-forming versus non-QLL conditions
for adsorption on smooth and vapor-deposited ices, as can be seen by comparing Figures 4-3 and
4-4. However, there are other indications of HCl-induced surface disorder on the smooth ice
films at the conditions at which it was observed on single-crystalline ice using the ellipsometer:
The Cl, evolution traces for the CIONO, + HCl reaction on smooth ice did reveal a difference in
HCIl surface availability under QLL-forming versus non-QLL conditions similar to that observed
in the zone-refined ice study, although the distinction was more pronounced for the zone-refined
ice samples. One explanation for this is that in the reaction on smooth ice, the grain boundary
regions served as an additional reservoir for readily available HCl. Additionally, for each
adsorption isotherm, scatter in the uptake increased under QLL-forming conditions, and in some
cases a unique dependence of uptake on HCl partial pressure for each ice sample became
apparent. This indicates that the qualitative character of the HCl uptake curves for ice films,
whether fresh or aged, is mainly determined by adsorption at the grain boundaries. This also is
consistent with the picture of the irreversible loss associated with adsorption on fresh ice samples
being due to adsorption onto the crystal face, and the reversible adsorption associated with
adsorption on fresh and aged smooth and vapor-deposited ice samples can being associated with

adsorption into the grain boundaries.

However, no direct evidence exists, either in our work or in the literature, to support the
picture of preferential adsorption leading to disordering at grain boundaries. In the absence of
disordering at the grain boundaries, HCl molecules adsorbed there would be presumably less
available for reaction than molecules adsorbed to the surface. Therefore, the argument could

also be made in favor of the irreversible loss associated with adsorption on fresh smooth and
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vapor-deposited ice samples resulting from adsorption into the grain boundaries, and the
reversible adsorption associated with adsorption on both fresh and aged smooth and vapor-

deposited ice samples being due to adsorption on the crystal faces.

4.4.3 HCl hexahydrate formation

Generally, our observations of an initial fast adsorption mode followed by a pronounced
dip in the signal after approximately 150 seconds for HC1 adsorption on smooth and zone-refined
ice films in the region of the HCl-ice phase diagram where HCl hexahydrate is the stable phase
are consistent with the findings of other investigators that there is a nucleation barrier to HCl
hexahydrate formation'>"”.

As shown in Figure 4-5, HC] hexaydrate formation was observed on smooth and zone-
refined ice samples. However, HCI uptake beyond saturation corresponding to hexahydrate
formation was not observed on vapor-deposited ice samples at the same conditions. Surface
roughness is the characteristic that distinguishes vapor-deposited ice from the other two sample
types. While the flow tube-CIMS technique does not offers only indirect information about the
chemical state of HCI on the ice surface, this observation indicates that HC1 hexahydrate
formation at these conditions is a process involving hydrate nucleation and propagation on the

crystal surface, rather than one originating in grain boundaries, as has been suggested for ice

formed at lower temperatures?’.

4.5. Conclusions

The results of this study lend support for the trend observed via ellipsometry that surface
disorder is induced by the presence of HCl in the vicinity of the solid-liquid equilibrium line on

the HCl-ice phase diagram, but that no detectable disorder was observed on the interior of the
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‘ice’ phase envelope. The results of the HCI uptake experiments on zone-refined ice, as shown
in Figure 4-1, provide further evidence that the nature of HCI adsorption on ice differs at the
conditions under which surface change was observed with ellipsometry from the HCl-ice
interaction at conditions under which no surface change was observed.

Analysis of our HCl uptake experiments on zone-refined ice samples indicates that the
QLL is not truly liquid-like in its ability to absorb HCl, but rather has a solubility intermediate
between that of liquid water and that of bulk ice I.

We have indirect evidence that HC] adsorption on polycrystalline ice films consists of
two modes of adsorption on two different types of available adsorption sites: sites located at
grain boundaries and those located on crystal faces. We also have evidence that the qualitative
character of the uptake curves is dominated by adsorption at the grain boundaries. However,
further investigation is necessary before each adsorption mode can be assigned conclusively to
one type of adsorption site.

Finally, we have indirect evidence that HC] hexahydrate formation on crystalline ice at
conditions relevant to the polar stratosphere is a process involving hydrate nucleation and
propagation on the crystal surface, rather than one originating in grain boundaries, as has been

suggested for lower temperature ices?’.
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Chapter 5

Other Probe Molecules: Acetic Acid and
CFC-12

5.1 Introduction

5.1.1 Acetic acid

The interaction of acetic acid, CH3COOH, with ice surfaces is relevant to the chemistry
of the upper troposphere. Cirrus clouds form in the upper troposphere and consist almost
exclusively of ice particles'. Cirrus cloud ice particles can potentially act as scavengers for
semivolatile gas-phase species”. Surface disorder on the particles is expected to influence their
scavenging ability’, but this effect has not been well characterized. Understanding the
scavenging potential of cirrus cloud ice particles and the state of the particle surface is important
for accurate atmospheric chemistry and climate modeling.

Sokolov and Abbatt studied CH;COOH uptake on smooth ice films at temperatures
between -51 °C and -28 °C, and CH3COOH partial pressures between 10 and 10 Torr. They
found that the CH;COOH-ice interaction is well described by a nondissociative Langmuir model
in this range of conditions®. Their measurements of saturation surface coverage at each

temperature studied are summarized in Figure 5-1. For temperatures between -51 °C and -35 °C,
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Figure 5-1. Saturation surface coverage data for CH;COOH adsorption on ice from Sokolov
and Abbatt.’> The saturation surface coverage is shown as a function of temperature. The dotted
grey line indicates the temperature below which we did not observe surface disorder on bare ice
using ellipsometry (see Chapter 2).

Sokolov and Abbatt found the CH3COOH saturation surface coverage to be roughly constant,
with an average coverage of 2.6(3)10" moleculescm™. At-28 °C, they observed an increase in
uptake to 4.2'10" moleculescm™. As discussed in Chapter 2, we observed surface disordering
on bare ice with ellipsometry at temperatures above -30 °C. This observation together with the
results of Sokolov and Abbatt suggests that the presence of the QLL enhances the affinity of
CH;COOH for the ice surface.

Orem and Adamson found that the adsorption of n-alkanes to the surface of powdery ice

samples resembled adsorption to the surface of liquid water, rather than ice, above -35 °C *. This
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finding is another indication that the adsorption of gas-phase hydrocarbons to an ice surface is
affected by the presence of surface disorder.

CH3;COOH does not react with HCl, and we do not have reason to suspect that the
adsorption of CH3COOH on ice would induce surface disordering at temperatures as low as
-60 °C. For these reasons, in addition to the availability of information in the literature on
CH;COOH adsorption to bare ice®’, CH;COOH was employed as a passive probe molecule to
provide information about the state of the ice surface in the presence of HCIL.

We performed CH;COOH/HCI co-adsorption experiments on zone-refined ice samples to
probe the nature of the ice surface across the HCl-ice phase diagram. This study was designed to
further test our finding that HCl induces surface change detectable with ellipsometry only near

the solid-liquid equilibrium line of the HCl-ice phase diagram.

5.1.2 CFC-12

CFC-12, CCLF,, was also used as a nonreactive probe molecule to study the HCl-ice
system. CCLF; is one of the synthetic chemicals directly implicated in the seasonal stratospheric
ozone depletion that has been observed at polar latitudes. Studies exist on radiation-induced
reactions of CCL,F, embedded in ice films under UHV conditions®”. It was found that Cl" and F-
yields in electron-stimulated desorption of CFCs and hydrochlorofluorocarbons (HCFCs) are
strongly enhanced by the presence of H,O ice’. It was suggested by Lu and Sanche that the
destruction in this manner of CFCs adsorbed on PSCs could play a role in ozone depletion’,
although the relative importance of this mechanism has been a subject of debate in the
literature'®"*. To the best of our knowledge, no studies exist in the literature on the uptake of

gas-phase CCL,F; on ice surfaces'®. A hydrophobic molecule prized as an industrial and
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commercial chemical for its chemical inertness, CCLF; is not expected to react with the ice
surface in the absence of radiation.

We performed CCL,F; uptake studies on smooth and vapor-deposited ices, before and
after exposure to HCl. We found evidence of physical surface change of the ice films éfter
exposure to HCI under QLL conditions. However, we also found that CCl,F, exhibits unusual
adsorption behavior on ice and therefore is not suitable as a passive probe molecule for

investigating the HCl-ice system.

5.2 General experimental procedure

For a general description of the flow tube-CIMS system and ice sample preparation,
please see section 1.3.

In the acetic acid/HCI co-adsorption experiments, first a constant flow of HCI was
established. Once the surface reached equilibrium with the gas phase HCI, the uptake of a
constant flow of CH;COOH and the associated HCI desorption was monitored. Dimerization of
gas-phase acetic acid was accounted for when determining the acetic acid sample concentration
and thus the partial pressure of acetic acid in the flow tube. The equilibrium constant for
dimerization at 25 °C and 1 atm is 0.972.™

In the CFC-12 experiments, CCL,F, uptake was measured as in the HCI uptake
experiments. Since both CCL,F, and HCl yield the same daughter ions in chemical ionization
reactions with SFg, and no suitable substitute reagent ion was found, CCL,Fo/HCl co-adsorption
experiments were not possible. CCL,F, uptake experiments were performed on smooth and
vapor-deposited ice films before and after a full HCI experiment (adsorption + desorption) with

the intent of demonstrating surface change.
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5.3 Results

5.3.1 Acetic acid

CH;COOH surface coverage was measured to be 2.7(8) 10" molecules'cm™ on zone-
refined ice at -60 °C and 4.210°® Torr CH3COOH, with no HCI present. This is consistent with
measured CH3;COOH surface coverages reported by Sokolov and Abbatt for smooth ice films.

We also studied the co-adsorption of HCl and CH3COOH on zone refined ice cylinders.
The results of these experiments are shown in Figure 5-2. At a constant temperature of -61 °C
and a partial pressure of HCI where no surface change was observed with ellipsometry (Pyc) =
7107 Torr), a CH;COOH uptake of 1.4(2)'10"* moleculescm™ was observed. At the same
temperature but at a higher HCI partial pressure (Puc; = 2'10°® Torr, QLL-forming conditions),

twofold enhancement in CH;COOH adsorption (2.9(6) '10** molecules'cm™) was observed.

5.3.2 CFC-12

A measured uptake curve for CC1,F, adsorption on vapor-deposited ice at -70 °C and 6.5107
Torr CCLF, with no HCI present is shown in Figure 5-3. CCLF; adsorption on smooth ice at -70
°C and 5.8'10” Torr CCL,F, with no HCI present is shown in Figure 5-4.

CCI,F; adsorption on both smooth and vapor deposited ice films was observed to be
reversible. A full adsorption isotherm was not measured for CCL,F; on ice, but an estimate based
on adsorption data measured at -70 °C for three partial pressures of CCL,F; on smooth ice yields

b= 9(4)10° Torr™.
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Figure 5-3. CFC-12 adsorption on vapor-deposited ice at -70 °C and 6.510” Torr CCL,F,. The
uptake curve corresponds to a surface coverage of 7.0(3)'10"* moleculescm™.

The results of CC1,F; uptake experiments performed on smooth and vapor-deposited ice
films before and after HCI exposure are summarized in Figure 5-5. On smooth ice, equal
amounts of CCL,F; are adsorbed to the surface before and after an HCI uptake experiment under
non-QLL conditions. On both smooth and vapor-deposited ice films, approximately 25% less
CCl,F, is adsorbed to the surface after the surface has been exposed to HCl under QLL-forming

conditions.
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Figure 5-4. CFC-12 adsorption on smooth ice at -70 °C and 5.8'107 Torr CCL,F,. The uptake
curve corresponds to a surface coverage of 1.5(1)10" moleculescm™.
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Figure 5-5. Summary of CFC-12 adsorption experiments on smooth and vapor-deposited ice
films at -70 °C and 6.5'10” Torr CCLF5, before and after the ice has been exposed to HCI under
QLL-forming and non-QLL conditions. The ratio of CCI,F; uptake on the previously exposed
(‘aged’) ice surface to the CCL,F, uptake on the fresh ice surface is shown. Each point represents
the average of data from at least two experiments. Error bars reflect noise in the uptake curves,
propagated through the ratio and average calculations.
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5.4 Discussion

5.4.1 Acetic acid

By an extrapolation of the data of Sokolov and Abbatt’, we can estimate the Langmuir
constant for CH;COOH adsorption on bare ice at -60 °C to be 3'10° Torr . Using our flow tube
model with a conventional Langmuir model for the CH3;COOH-ice interaction, with this estimate
for b and an assumed value of 0.0045 for the sticking coefficient, y, we were able to reproduce
both the shape of the measured uptake curve and the measured surface coverage to a reasonable
approximation. Based on our based on our analysis of HCI uptake on zone-refined ice cylinders
at -60 °C in section 4.4, we assumed that the total number of sites available for adsorption, S, is

610" moleculescm™.

The results of the simulation are shown along with the measured uptake curve in Figure
5-6. The measured uptake curve corresponds to a surface coverage of 2.7(8)'10'* molecules'cm™.

Simulated surface coverage is 2.4'10" moleculescm™.

Consider the competitive adsorption of two chemical species, A, and B, that are assumed
to occupy the same type of adsorption site on a surface'*. The fraction of total surface sites

occupied by species N, 6y, is related to the surface coverage, c; v, as follows:

Oy =— 5-1.

where S is the surface site density. The equilibrium surface coverage for each species for the

mixed system is

— bNPN
1+b,P, +b, P,

N 5-2.
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Figure 5-6. Simulated and measured CH;COOH uptake curves for adsorption on zone-refined
ice at -60.6 °C and 4.2'10°® Torr CH3COOH. The solid line depicts the results of a flow tube
simulation using a conventional Langmuir model for the CH;COOH-ice interaction, with b =
3'10° Torr! and 7= 0.0045.

Applying this model, we can predict the total CH;COOH uptake for CH; COOH/HCI co-
adsorption at our experimental conditions.

Assuming that the presence of HCI does not affect the thermodynamics of adsorption of
CH;COOH, we use our value of bepscoon= 3'10° Torr! from our simulation of CH;COOH
adsorption on bare ice at -60 °C, as shown in Figure 5-6. Similarly, based on our analysis of HCI
uptake on zone-refined ice cylinders at -60 °C from section 4.4, we use byc; = 8.1°10° Torr™” and
assume that the total number of sites available for adsorption is 610'* moleculescm™.

The predicted CH;COOH coverage for a) CH3COOH adsorption with no HC1 present, b)

CH3COOH/HCI co-adsorption at an HCI partial pressure where no surface change was observed
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using ellipsometry, and c) CH;COOH/HCI co-adsorption at QLL-inducing levels of HCl are

shown, along with the actual measured CH;COOH coverages, in Figure 5-7.
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Figure 5-7. Measured acetic acid fractional surface coverages and coverages predicted using the
CH;COOH/HCI Langmuir co-adsorption model for T = -60.6 °C, Pcuscoon = 4210 Torr, and
the three gas phase HCI concentrations studied. It is assumed that S = 6:10'* moleculescm>.
The filled markers represent predicted uptake, and the open markers represent measured uptake.
Error bars reflect the noise in the data.

From Figure 5-7 it can be seen that, unsurprisingly, the model presented here of
Langmuir CH;COOH/HCI co-adsorption to an unchanging, refractory surface does not describe
our experimental system under conditions where we observed surface disordering with the
ellipsometer. The model underestimates the actual acetic acid fractional surface coverage under
QLL-forming conditions by nearly a factor of ten. The affinity of CH;COOH for the ice surface

appears to increase in the presence of surface disorder.
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From Figure 5-7 it is apparent that, even at levels of HCI where no induced surface
disordering was observed with the ellipsometer, acetic acid adsorption appears to be enhanced
slightly over the predicted value. This indicates that the presence of HCI enhances the affinity of
acetic acid for the ice surface even when no surface change is observed via ellipsometry. The
implication could be that some surface disordering below the limit of detection of our
ellipsometer occurs in the presence of HCI under what we have termed ‘non-QLL’ conditions.
Alternatively, the presence of adsorbed HCI molecules on the ice surface could in themselves
enhance the affinity of CH;COOH for the surface without surface disorder.

Acetic acid is infinitely soluble in liquid water.'® Therefore, the fact that we did not
observe infinite uptake of CH;COOH under QLL-forming conditions is another indication that

the QLL does not have truly liquid-like adsorption properties.

5.4.2 CFC-12

The uptake curves obtained in our HC1 or CH3COOH adsorption experiments reach a
minimum immediately after the injector is withdrawn and the ice is exposed to the probe
molecule. The CCLF, uptake curves shown in Figure 5-3 and Figure 5-4 slope down after the
injector is withdrawn, reaching a minimum after approximately 1000 seconds in the case of
adsorption on vapor-deposited ice. For adsorption on smooth ice, the minimum is reached
between 500 and 600 seconds after the injector is withdrawn.

Uptake curves of this type are indicative of a sticking coefficient (and thus rate of
adsorption) that is increasing with time. We simulated CC1,F; adsorption onto smooth ice using
our flow tube model with a conventional Langmuir model with a constant sticking coefficient to
describe the CCl F»-ice interaction, and also with a time-dependent sticking coefficient. The

functional form of the sticking coefficient was arbitrarily chosen to be
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y = 0.01(1 + e'°'°°5‘) 5.3,
where ¢ is in seconds. The adsorption rate constant, k.4, was then calculated according to eq 1-7,
with an assumed value of S = 1'10"° moleculescm™. Figure 5-8 shows the measured and
simulated uptake curves for CCL,F, adsorption on smooth ice not previously exposed to HCL.

Possible reasons for a sticking coefficient that increases during an adsorption experiment
include the existence of an attractive force between the adsorbate molecules, or a substrate
surface that is changing with time in a way that increases the affinity of the adsorbate for the
surface.

As shown in Figure 5-5, on both smooth and vapor-deposited ice films, approximately
25% less CCL,F, is adsorbed to the surface after the surface has been exposed to HC1 under QLL-
forming conditions. This suggests that HCl-induced QLL formation causes a physical change to
the ice surface that results in decreased surface area and persists after the source of HCl is
removed. This surface change could be envisioned as a smoothing of the surface. However, the
fact that the same percent decrease in surface area was observed for both the smooth and vapor-
deposited ice films indicates that any smoothing occurring is on a smaller length scale than that
of the overall porosity or roughness of the vapor-deposited ice film.

If a substrate change induced by CCLF, adsorption on our ice surfaces is the reason
behind a CCLF»-ice sticking coefficient that changes with time during adsorption, this change
does not result in a permanent surface change that persists in the absence of CCL,F,, as indicated
by the results shown in Figure 5-5 for CCL,F; adsorption before and after exposure of the smooth

ice film to non-QLL levels of HCI.
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Figure 5-8. Measured and simulated uptake curves for CFC-12 adsorption on smooth ice not
previously exposed to HCl. The grey dashed trace is a simulated uptake curve generated using
our flow tube model with a conventional Langmuir model for the CCLF;-ice interaction. The
thick black trace represents simulation results obtained using a Langmuir model with a time-
dependent sticking coefficient. The top panel shows the sticking coefficient used in each model
as a function of time.
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5.5 Conclusions

Based on the results of this study and the work of Sokolov et al?, it is clear that the
presence of surface disorder enhances CH3COOH uptake on ice. These findings suggest that the
presence of surface disorder on cirrus cloud ice particles enhance their scavenging ability’. This
effect should be important at temperatures above -30 °C. HCl concentrations in the free
troposphere range from 50 to 100 pptv between 3 and 7 km!'7, which is below the levels of HC1
we have observed to be necessary to induce surface disordering for tropospherically relevant
temperatures below -30 °C. However, we also observed that the presence of HCI appears to
enhance acetic acid uptake slightly even under conditions where no surface change is observed
using ellipsometry. Therefore in general the scavenging ability of cirrus clouds may be greater
than previously estimated.

The results of this study lend further support for the trend observed via ellipsometry that
surface disorder is induced by the presence of HCI in the vicinity of the solid-liquid equilibrium
line on the HCl-ice phase diagram, but that no detectable disorder was observed on the interior of
the ‘ice’ phase envelope. Additionally, since enhanced, but not unlimited, uptake of CH;COOH
was observed on ice under QLL conditions, and acetic acid is infinitely soluble in water'®, this
work provides further support for our observation that the QLL is not truly liquid-like in its
adsorption properties.

CCI1,F, adsorbs to ice with a time-dependent sticking coefficient. Further investigation is
necessary to determine the cause of the time-dependence. The concentrations of CCI,F, used in
this study are significantly greater than those encountered in the stratosphere'®.

For both smooth and vapor-deposited ice films we have observed lower accessible area

for CFC-12 adsorption after exposure of the films to HC1 under QLL-forming conditions. This
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implies that exposing polycrystalline ice films to levels of HCl which were observed to induce
surface disorder on single-crystalline ice with ellipsometry induces a physical change in the
surface that persists after the HCI source has been removed. However, the results are not

conclusive since CCLF, adsorption to ice is not fully understood.
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Chapter 6

Conclusions and Recommendations for Future
Work

6.1 QLL formation under stratospherically relevant conditions

The primary goal of this research has been to test the hypothesis that HCI induces the
formation of a disordered region on the ice surface, or ‘quasi-liquid layer’ (QLL), at stratospheric
conditions'. We have shown here via several approaches that HCI does induce surface disorder
on ice under conditions in the vicinity of the solid-liquid equilibrium line on the HCl-ice phase
diagram, including stratospherically relevant conditions. A summary of the results from the
various approaches are summarized in Figure 6-1.

It appears that the value of the refractive index of the QLL formed via exposure to gas-
phase HCl is closer to the refractive index of liquid water or what we would predict for an
aqueous HCl solution than to the refractive index of ice. We estimate the thickness of the QLL
in our experiments to be on the order of 100 nm.

A second goal of this research was to show whether the existence of the QLL explains the
catalytic role PSC particle surfaces play during chlorine activation. In Chapter 3 we showed that

the presence of surface disorder enhances the chlorine activation reaction of CIONO,+HCI on

150



Temperature (K)

280 240 200 180 160
0 1 T ] ] ]
LIQUID

HC! * 3H0

% Weight HCI

HCI Vopor Pressure (torr)

1
/i'

Y
Polar ‘s‘ \‘
Stratosphere \\
Y
.\
i | | | | i

35 40 45 50 55 60
1000/ T (K)

Figure 6-1. Summary of results of this work regarding surface disordering: the HCl-ice phase
diagram adapted from Molina'. Ellipsometry data is labeled as in Figure 2-5. Filled boxes (m)
and open circles (0) refer to conditions where QLL formation was, or was not observed via
ellipsometry upon exposure of the ice crystal to HCl, respectively. Phase transition is indicated
by delta symbols (A). Inverted triangles refer to the results of flow tube-CIMS studies of the
CIONO,+HCl reaction on smooth and zone-refined ice under non-QLL (V) and QLL forming
('¥) conditions. Diamonds refer to flow tube-CIMS HCI uptake experiments on zone-refined ice
under non-QLL (<) and QLL forming () conditions. Stars refer to CH;COOH/HCI co-

adsorption experiments on zone-refined ice under non-QLL (%) and QLL forming (%)
conditions.
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ice.

It is clear that the presence of this disordered region is an important feature of ice I, in
determining its surface chemistry. We have found that the QLL enhances the ability of the ice
surface to take up HCl and CH;COOH molecules. We find that the solubilities of HCI and
CH;COOH in the QLL are intermediate between the solubilities of each species in liquid H,O
and those in ice.

In the future, additional ellipsometry-CIMS experiments should be performed to map out
the ‘non-QLL’ and ‘QLL’ regions of the phase diagram in more detail, particularly at
stratospherically relevant conditions.

Another question that should be addressed in future work is whether HCl induces QLL
formation on the surface of nitric acid trihydrate (NAT), the principal component of Type I PSC
particles. The chlorine activation reaction of CIONO, + HCl is known to proceed as efficiently
on NAT as on ice surfaces, and HCI has been seen in the laboratory to have a high affinity for
the NAT surface””. Abbatt and Molina found that the water vapor pressure over the NAT
surface had a strong influence on the rates of the CIONO; + HCI and CIONO; hydrolysis
reactions, and on the tendency for NAT to take up HC1>. They found that NAT with water
vapor pressures approaching that of ice exhibited higher reaction probabilities than HNO;-rich
NAT. The ab initio simulations of Mantz et al. indicated that HCI has a lower affinity for NAT
than it does for water-ice surfaces, and that adsorbed HCI will not dissociate on NAT surfaces.®
Mantz et al. did not observe disordering in their model NAT crystal upon HCI adsorption to the
surface.

The insight into the microphysics of the HCl-ice surface interaction that is provided by

this work can inform our understanding of ice chemistry involving other compounds. One
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example of this is hydrogen bromide, HBr, another compound that is significant to ozone
depletion chemistry. HBr adsorption on ice under laboratory conditions results in large surface
coverages’'° and in co-adsorption experiments HBr shows a higher affinity for ice than HCI
does'’. These studies were performed at HBr partial pressures above 10 Torr, which is
significantly higher than the HBr partial pressures typically encountered in the stratosphere,
where Pypr ~ 10" Torr. Measured surface coverages were then extrapolated down to
stratospherically relevant conditions. The possibility of HBr-induced ice surface disordering
should be investigated, and the question of whether the presence of surface disorder could
explain the large uptakes that have been observed should be addressed. If this is the case, it
should be determined whether extrapolation of measured amounts of HBr uptake from high to
low partial pressures of HBr is valid. Such extrapolation would not be valid with the HCl-ice

system.

6.2 HCl adsorption on ice

Another goal of this research was to gain insight into the fate of HC1 upon adsorption to
various types of ice. In Chapter 4 we showed that HC] adsorption onto polycrystalline ice
samples consists of two modes of adsorption: one relatively strong mode leading to irreversible
adsorption, and one relatively weak binding mode leading to reversible adsorption. We believe
that these two modes of adsorption correspond to adsorption to sites at crystal faces and those at
grain boundaries, but there is not enough experimental evidence to conclusively assign each
adsorption mode to a type of site. Such an assignment would probably not be possible without
further studies using a technique that is sensitive to the chemical state of adsorbed molecules on

the ice surface, unlike our flow tube-CIMS technique, which can only provide information about
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molecules in the gas phase. TPD-MS is a technique that requires ultrahigh vacuum conditions,
and therefore TPD-MS studies of ice generally must be conducted at temperatures lower than
those relevant to the stratosphere. However, a high-temperature TPD-MS technique is being
developed by Prof. Vladislav Sadtchenko at George Washington University'! that allows TPD-
MS studies of ice at temperatures near 0 °C. A technique such as this could provide molecular-
level information about the fate of HCI adsorption to ice surfaces, and also could provide
confirmation of our conclusion that HCI hexahydrate forms on the surface of crystalline ice 1, as
in the low-temperature studies performed by Sadtchenko et al.?

Valuable information could also be gained from ab initio modeling or surface-sensitive
studies of polycrystalline ice using a technique capable of detecting whether HCI induces local
disordering at grain boundaries before it occurs on crystal faces. Ellipsometry cannot be used on
polycrystalline ice due to its low reflectivity.

A detailed study of HC1 adsorption on zone-refined ice such as the one presented in
Chapter 4 on smooth ice films would likely yield energetic information about HCI adsorption on
crystal faces. Such information was not obtained from our study on smooth ice due to the
complexity of adsorption to the polycrystalline ice surface.

As a final note, information about the fate of HC1 upon adsorption to polycrystalline ice
samples is useful to consider when designing experiments and when interpreting HCI adsorption
studies in the literature, which have generally been conducted on smooth or vapor-deposited
polycrystalline ice. However, PSC particles are believed to be single-crystalline, and therefore
should have the characteristics of the ice samples used in the ellipsometer-CIMS study and the

zone-refined ice samples.
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6.3 QLL in the troposphere

In Chapter 5, we showed that the presence of the QLL enhances acetic acid (CH;COOH)
adsorption. Further investigation is necessary to determine whether other tropospheric trace
species besides HCI may induce significant disordering at temperatures below -30 °C. In
addition to enhancing scavenging of semivolatile gas-phase species, the presence of the QLL on
cirrus cloud ice particles may also play a role in the heterogeneous chemistry of the upper
troposphere, particularly in mid-latitude ozone depletion. Additionally, the presence of the QLL

on ice particles can influence calculations of contributions of cirrus clouds to the earth’s albedo.

6.4 CFC-ice interaction

We also showed in Chapter 5 that the sticking coefficient of CC1,F> changes with time
during adsorption to smooth and vapor-deposited polycrystalline ice surfaces. The
concentrations of CCL,F; used in this study were significantly greater than those encountered in
the stratosphere” . Ab initio modeling or an experimental study using a surface-sensitive
technique could provide information about whether or not this effect is due to a reversible

change in the ice surface induced by adsorption.
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