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Interaction of Hydrogen Chloride with Ice Surfaces: The Effects of Grain Size, Surface
Roughness, and Surface Disorder

I. Introduction

It is now well-known that heterogeneous reactions of chlorine
nitrate, CIONQ, and hydrogen chloride, HCI, on the surfaces
of polar stratospheric cloud (PSC) particles play a key role in
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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 HCI with ice
was studied using a coated-wall flow tube with chemical ionization mass spectrometry (CIMS) between 5
108 and 10* Torr HCI and between 186 and 223 K, including conditions recently shown to induce quasi-
liquid layer (QLL) formation on single crystalline ice samples. Measurements were performed on smooth
and rough (vapor-deposited) polycrystalline ice films. A numerical model of the coated-wall flow reactor
was used to interpret these results and results of studies on zone-refined ice cylinders with grain sizes on the
order of several millimeters (reported elsewhere). We found that HCI adsorption on polycrystalline ice films
typically used in laboratory studies under conditions not known to induce surface disordering 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. Unlike what was
observed in the zone-refined ice study, there was no strong qualitative contrast found between the HCI uptake
curves under QLL versus non-QLL conditions for adsorption on smooth and vapor-deposited ices. We also
found indirect evidence that HCI hexahydrate formation on ice betweed@ 7 and 2x 10 Torr HCI and

between 186 and 190 K 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.
These results underscore the dependence of the-ld€interaction on the characteristics of the ice substrate.

CIONO, + HCI — Cl, + HNO, (1)

The reaction probabilityy, of reaction 1 on ice has been
found in multiple laboratory studies to be high £ 0.1+ 10
and independent of HCI partial pressum,), even when
experiments cross the iediquid phase boundary into high HCI

stratospheric ozone depletidré These heterogeneous processes partial pressures which are known to induce melting of the ice
are referred to as “chlorine activation reactions” because their sgmp|eto

net effect is to convert the otherwise stable chlorine reservoirs  Clearly, characterization of the interaction of HCI with ice
CIONG, and HCI into chlorine gas, which in the polar spring is one of the first steps toward understanding chlorine activation.
can then be photolyzed and go on to participate in ozone Over the past 25 years, the H&te system has been investi-
destruction. HCI has been found to be the most abundantgated using numerous experimeffed'® "t and theoreticdt 104
chlorine reservoir during PSC events, and its reaction with @pproaches. While much uncertainty remains regarding the fate
CIONO; on ice is thought to be the most important of the of HCI upon adsorption to ice, these studies have led to a

chlorine activation reactiors:

consensus that HCI has a high affinity for ice surfaces, with
near monolayer coverage at conditions relevant to PSC events
(3x 108 Torr < Pyc) < 2 x 1077 Torr, 188 K< T < 203 K).
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Given the absence of direct experimental information about the
state of the ice surface in the presence of HCI at these conditions,
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Further, we showed that the presence of this disordered surfaceressures. The RGA was attached to a side port on the CIMS
enhances the chlorine activation reaction of HCI with chlorine chamber. Water vapor was monitored via the oxygen ion signal
nitrate (CIONQ), and confirmed that the presence of surface at 16 amu. We calibrated the technique by monitoring the signal
disorder explains the catalytic role PSC particle surfaces play as a function of time while heating the ice film. The resulting
in chlorine activation. Interestingly, we only saw surface disorder water vapor pressure versus temperature curve agreed well with
induced at temperatures and HCI partial pressures in the vicinity that reported by Marti and Mauersberg& Three types of ice
of the solid-liquid equilibrium line on the HCtice phase samples were used in this study: smooth ice films formed by
diagram. quickly freezing from the meft9® vapor-deposited ice film),110
Here we present a detailed investigation of the interaction of and zone-refined ice cylindet®’ For ice preparation details,
HCI with a variety of ice surfaces using a flow tube with ice- please refer to the SI.
coated walls coupled with chemical ionization mass spectrom-  C. General Procedure for HCI Uptake Experiments.Each
etry (CIMS) detection of the gas phase. Equipped with uptake experiment began with the injector pushed to the front
information from our recent study on the potential complexity of the flow tube, past the ice sample, close to the CIMS region.
of the HClice surface systed? we have paid particular A constant flow of HCI was established that corresponded to
attention to the role of the QLL, as well as the degree of the desired HCI partial pressure, and the resulting baseline
crystallinity and roughness of the ice samples used. The resultsSFCI~ signal was recorded. The injector was then withdrawn,
of this study give new information about the fate of HCIl upon exposing the desired length of ice film to HCI. The resulting
adsorption to different types of ice under a wide range of dip in the recorded signal reflects uptake of HCI to the ice
conditions represented by the H&te phase diagram, including  sample. After the desired uptake time had passed, the injector
conditions where HCl-induced disordering on ice was and was was returned to the front of the flow tube, and the observed
notobserved using ellipsomet#)’ as well as HCI hexahydrate  signal increase reflected the original baseline signal plus the
formation. These results provide new information on the signal from any desorbing HCI.

complex dependence of the Hdte interaction on the surface Surface coverage data was extracted from the uptake curves

roughness, polycrystallinity, and surface disordering of the by numerically integrating to find the area between the curve

substrate. and the baseline. To account for unknown irregularities at the
front of the ice film, and any artifacts due to mixing at the tip

Il. Experimental Section of the injector, absolute surface coverages reported here are the

coverage difference between two uptake curves for two different
exposed areas. For example, the uptake measured with the
injector positioned 4 cm from the front of the ice film would

be subtracted from that measured with the injector at 10 cm,
thus determining the coverage for the intermediate 6 cm.
Reported uncertainties in surface coverage reflect the noise in
the signal, which was carried through the arithmetic operations
according to Jeffrey!!

A. Flow System and CIMS Detection A schematic diagram
of a typical experimental setup for the flow tube-CIMS
experiments is available in the Supporting Information (SI). All
flow tube-CIMS experiments employed a 2.5 cm i.d. flow tube
(length 40 cm) operating in the laminar flow regime (Re.00)
that was interfaced with a CIMS system (Extrel C50). Detection
occurred via chemical ionization using SFas a reagent ion.
Sk~ ions were generated in a sidearm attached at a right angle
to the flow tube using a discharge needle operating-48
kV. HCI was monitored as SEI~ (162 amu).

All flows were monitored with calibrated flow meters (Tylan A. HCI Adsorption on Smooth and Vapor-Deposited Ice.
General). He (BOC gases) was used as a carrier gas. A 1600The uptake of HCI on smooth and vapor-deposited ice films
L/min rotary pump (Edwards EM280) established flow velocities was studied at 196, 203, and 213 K, anet 2078 Torr < Py
of 1000—-2000 cm/s, with the corresponding Reynolds numbers < 3 x 10°® Torr. Figure 1 shows signal versus time traces for
well below the turbulence limit. The pressure inside the flow HCI uptake on smooth ice samples at 213 K and .40
tube, measured with a-0l0 Torr MKS Baratron, was main-  Torr HCI (representative of non-disorder conditions, left) and
tained constant during each experiment at approximately 1.5 196 K and 10° Torr HCI (surface disorder conditions, right).
2.0 Torr. A circulating cooler (Neslab ULT-95) was used to Similar to what was observed previously for HCI adsorption
establish constant flow tube temperatures between 233 and 183n zone-refined ic&}” we observed an initial fast mode of HCI
K. Cooling fluid flowed through the cooling jacket of the flow  adsorption, accounting for at least 75% of the total uptake within
tube countercurrent to the gas flow. In all uptake experiments, 180 s, followed by a slower uptake mode, with the signal
a dilute mixture of each probe molecule of interest in He was returning to at least 95% of the baseline within 1000 s (see top
introduced to the main He flow through a moveable injector panels in Figure 1). Our observations of an initial fast uptake
positioned near the centerline of the flow tube. mode followed by a diffusive-type loss for HCI adsorption on

The injectors were heated to prevent experimental artifacts all ice films used in this study are consistent with the findings
due to adsorption of HCI to the injector walls. The temperature of other investigator33°
inside the flow tube was monitored using a copper/Constantan  Uptake experiments were performed at several HCI partial
thermocouple (Omega). The thermocouple was housed in a 0.3pressures and temperatures in order to gain insight into the
cm i.d. glass tube, which was inserted into the cooled region of adsorption mechanism. The measured adsorption isotherms for
the flow tube parallel to the injector. The axial location of the aged smooth ice surfaces are shown in Figure 2. Each point in
thermocouple was arbitrary since there were no temperatureFigure 2 corresponds to an average of at least 3 measured uptake
gradients greater thel K in thecooled region of the flow tube.  values, often on multiple ice samples. Saturation surface

B. Water Vapor Pressure Measurements and Ice Film coverage for the reversible adsorption mode (HCI exposure to
Preparation. In additional experiments, an electron impact aged ice surfaces) was measured to b8 X 10 molecules
residual gas analyzer (Ametek Dycor MA200 RGA) was used cm2 on smooth ice. The conditions at which we observed a
to measure the water vapor pressures of ice films between 188transition to HCI-induced surface disordering in previous work
and 195 K while they were being exposed to various HCI are marked with dotted lines in Figuré?.Our analysis of the

I1l. Results
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Figure 1. HCI uptake on smooth ice samples at 213 K and %.40~7 Torr HCI (non-disorder conditions, left) and 196 K and-4@orr HCI

(surface disorder conditions, right). 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 panels show adsorption onto “fresh” ice samples. The lower panels show adsorption for

subsequent exposures (adsorption to “aged” ice samples).
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Figure 2. Adsorption isotherms for HCI on aged smooth ice at
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desorption was initiated. This suggests both reversible adsorption
processes on the surface and processes that are irreversible on
the time scale of the experiment. All subsequent exposures
resulted in adsorption that was observed to be reversible on the
time scale of the experiment (several minutes) (lower panels of
Figure 1). In the experiments, the surface coverage was observed
to be nearly constant and equal to the amount desorbed after
the HCI source was removed for the second, third, and fourth
exposures of an ice film to HCI. The aging effect was not
observed to be reversible: after removing the HCI source for
up to 1.5 h, additional HCI 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. The aging effect was independen®gg or type of

ice sample. We define the aging ratg, as the ratio of the
measured surface coverage on an aged ice sample to the
measured surface coverage for the first uptake experiment on
that sample. For smooth ice at 213 K and 74 1077

Torr HCI (non-disorder conditions), = 0.57 &0.03), and at

196 K and 1x 107 Torr HCI (surface disorder conditions),

= 0.50 @&0.02). Each of these ratios is an average calculated
from five aging experiments, with each experiment consisting

213, 203, and 196 K. The dotted line demarcates the transition from of a sequence of four exposures (HCI adsorption and desorption).
non-disordered (non-QLL) to surface-disordering (QLL) levels of These observations are consistent with the results of oth-
HCI at each temperature, based on the results of our previous work 5,¢6,13,29,.30,114ans0n and Ravishankara’s observation that HCI

(note that data are unavailable for 202 K so an estimated range is . o .
provided)!%” Increased scatter was observed in the data under surface-uptake decreased by approximately 50% after the first exposure

disordering conditions. The Langmuir adsorption isotherm fits using Of each ice sample to HCI is in good agreement with our

“non-QLL” data only are indicated by the smooth lines. The error findings® Our results are also in reasonable agreement with

bars represent the standard deviation in the raw data used in theHynes et al., who reported that up to 70% of incident HCI

average. molecules were irreversibly adsorbed in their experiments on
smooth ice at 205 K?

adsorption isotherms and the role of surface disorder will be i ) )
discussed in detail in the following sections. The only difference in uptake on smooth and vapor-deposited

We also carried out a detailed investigation of ice surface iC€ films was in the magnitude of observed uptake, which can
aging. For both smooth and vapor-deposited ice films, it was be attributed to the higher surface area of the vapor-deposited
observed that, upon the first exposure of a fresh ice surface toice}'° The HCI surface coverage fora200um thick ice film
HCI, only a fraction of the adsorbed HCI was recovered when deposited from the vapor phase at a rate of 4 mg fimas
the injector was returned to the front of the flow tube and approximately 7 times greater than coverage on smooth ice at
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Figure 3. Normalized HCI mass spectrometer time traces for adsorption & . 1
on smooth ice at 186 K. The gray trace was obtained for an HCI partial O . . |
pressure of 3.9x 1077 Torr. The black trace, showing HCI uptake I . L N
beyond surface saturation corresponding to HCI hexahydrate formation, I A X e
was obtained for an HCI partial pressure of %8.07 Torr. v ‘\ .3
107 3
the same conditions. The surface area of the smooth ice films 5 55 5
was assumed to be equal to the geometric area throughout the ’ ;
analysis. Inverse Temperature, 1000/T (K™')
B. HCI Hexahydrate Formation. On smooth ice films, at Figure 4. HCI hexahydrate formation for different types of ice surface.
186 K and HCI partial pressures above 45107 Torr, we A summary of experimental results is superimposed on a detail of the

observed HCI losses beyond the expected profile for an HCl—ice phase diagram from Molirfalriangles represent experiments
adsorption/saturation process consistent with the formation of 2" Smooth ice, circles represent experiments on vapor-deposited ice

. films, and diamonds represent experiments on zone-refined or single-
the HCI hexahydrate. Figure 3 shows uptake curves for HCI crystalline ice samples. Filled symbols indicate observed HCI uptake

adsorption on smooth ice at 186 K for HCI partial pressures of peyond saturation corresponding to HCI hexaydrate formation, and open
3.9x 1077 and 5.8x 1077 Torr. At 3.9 x 1077 Torr, the uptake circles indicate no observed HCI hexahydrate formation. HCI hexahy-
curve exhibits an initial fast adsorption mode followed by slower drate formation was not observed on vapor-deposited ice films.
adsorption leading to saturation. At 5:810~7 Torr, which at

186 K lies in the region of the HClice phase diagram where
HCI hexahydrate is a metastable ph#sthe same fast adsorp-
tion mode is observed initially. However, approximately 150 s
after exposure a pronounced dip appears in the signal which is
indicative of a secondary adsorption process. Uptake curves of

using the Langmuir model for surface adsorption (see, for
example, Adamsori)3 The parameters of the Langmuir model
are the saturation surface coveragegnd the surface adsorption
equilibrium constantb, defined as the ratio of the adsorption
and desorption rate constants:

this form were only found within the HCI hexahydrate stability K,
region of the HCtice phase diagram. b= 2% 2
We tested this secondary adsorption process to confirm that Kes

it was hexahydrate formation by measuring the water vapor

pressure of several smooth ice films held between 188 and 195 _ 10 determineS and b at each temperature, the adsorption
K as a function of HCI partial pressure in the flow tube. At isotherm data obtained in the uptake experiments on smooth

each ice film temperature, the water vapor pressure remained:?e un(lder non-QLL c?ndltlons were analyzed using a weighted
at the equilibrium ice vapor pressure for |&®uc;, and decreased inear least-squares fit according to

for HCI partial pressures above the HCI hexahydrate stability 1 1 1/ 1

line on the phase diagram, with slopes corresponding to the E=§ é(bP ) (3)
molar ratio of water to HCI (6:1) of the HCI hexahydrate (data s HC

not shown).

HCI untake b d saturati ding to HCI hexah wherecs is the HCI surface coverage in molecules@miThe
drat fupatg eyon fa ur:g\ lon cc()jrrespon mgf.o di exad y- uptake data for each temperature were tested to determine
rate formation was also observed on zone-refined ice and on porher 14, exhibited a linear dependence orPdd;, or on

single-crystalline ice samples. HCI hexahydrate formation was 1/Puct2. Within the Langmuir framework, a BliciY2 depen-

not obsgrved on vapor-deposited ice samples under any Condi'dence would imply that each adsorbed molecule would occupy
tions. Figure 4 shows a summary of the resu!ts of several .HCI two adjacent, identical adsorption sites (a simplified dissociative
uptake experiments on smooth, vapor-deposited, zone-reflned,‘,lesorp,[ion scenario). Such a dependence has been reported

End single-cré/stal :_(:glshamplr:asdunder the range %f cond(ijtionﬁ previously by other investigatof&:3° Chu et al. and Huthwelker
nhown to produce exahydrate, superimposed on a detall gy | reported a PBhc? dependence for uptake to vapor-

of the HCI-ice phase diagrafiThe parallel dotted lines outline deposited ice at HCI partial pressures that extended from the
the range of conditions where HCI hexahydrate is a metastableIOW Puci levels used in this study into the liquid regirffe°

O . H _ 1 . -
phase: Exp;enmtlal_nts performéalc'ivlgn su:jgle ct:?(s';]alollce s§9rgples Hynes et al. used a Ryic/*’2 model to describe data obtained
were part of an ellipsometer- study published recenttly. 5 smooth ice in the saturation regime of the HCI uptake

N_O experiments were performed at conditions in the HCI isotherm?® The results of this test for the 213 K adsorption
trihydrate regime. isotherm are shown in Figure 5. Clearly, the lineaPbi?
model equation is a poor fit to the ci/data, and results in
nonphysical fit parametersS = —4 (+2) x 10* molecules
A. HCI Adsorption on Ice (Non-QLL). 1. Smooth and  cm2 andb = —8 (£5) x 10* Torr L. The linear 1Py model,
Vapor-Deposited Ice FilmsWe first analyzed the non-QLL  eq 3, fits the 1¢s data well, and the fit yields physically
portion of our measured adsorption isotherms on smooth ice reasonable parameterS:= 2.7 (+-0.2) x 10 molecules cm?,

IV. Discussion
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Figure 5. Langmuir fits of HCI adsorption data at 213 K. The inverse T (K'1)

of the measured HCI surface coverage is plotted as a function of the gjg e 6. Temperature dependence of the Langmuir adsorption
inverse of the HCI partial pressure (left panel), and the same data is parameter for HCI adsorption on smooth ice films for the range of
plotted as a function of the square root of the inverse of the HCl partial ¢qngitions where surface disorder was not observed using ellipsometry.

pressure (right panel). The lines indicate the results of weighted linear
least-squares fits. The parameters for tHe,d///? fit are unphysical $

= —4 (2) x 10" molecules cm?, andb = —8 (£5) x 10* Torr ™),
indicating that aPuc/2 Langmuir model is not appropriate for this
system. The parameters for thePd4, fit are S= 2.7 #0.2) x 10"
molecules cm?, andb = 1.5 (+0.3) x 10° Torr L.

TABLE 1: Langmuir Parameters S (Saturation Surface
Coverage) andb (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 Ellipsometr§

T (K) S(molecules cm?) b (Torr %)
213 2.7¢0.2)x 104 1.4 (0.3) x 10P
203 2.6 (£0.4) x 1014 4 (£1) x 10
196 3.1 ¢:0.9) x 101 1.9 (0.8) x 10P

2 Errors are calculated according to Jeffiéy.

andb = 1.5 (0.3) x 10° TorrL. Therefore, we conclude that
the dissociative Langmuir model is not suitable under our
experimental conditions, and that the data are better describe

at each temperature by the classical single-site Langmuir model.

However, it is important to note that, in the absence of additional
data, we cannot rule out dissociative adsorption. This is
consistent with the findings of Ullerstam et al. for HNO
adsorption at submonolayer levéldWe performed a Langmuir
analysis of the HCI adsorption isotherms we obtained on
previously exposed smooth ice films (see Figure 2) for the range
of conditions where surface disorder was not observed using
ellipsometry. The saturation surface coverage,and the
equilibrium adsorption constant), obtained are listed in
Table 1.

Using the Van't Hoff relationship, the plot of Ib) versus
T~ will be linear, and the slope of the line should yield energetic
information according to

(AHads) N
R

where AHags and ASys are the enthalpy and entropy of
adsorption, respectively, and is the gas constadt! Fig-
ure 6 shows Irff) versusT~! resulting from Langmuir fits
to our HCI uptake data (see Table 1). We find that the
dependence of our experimentally determined)values on

AdeS
R

1

T

(4)

The nonlinear dependence of i(on T~ indicates that ice is not a
true Langmuir surface.

similar nonlinear dependence of Ric) on T-1 at constant
surface coveragl?3

The accuracy of this analysis is limited by the fact that we
were only able to obtain three temperature points given our
experimental constraints. However, due to the large number of
experiments represented by the isotherms in Figure 2 (each point
corresponds to an average of at least 3 measured uptake values),
we believe that the observed disagreement with the Langmuir
model is not solely attributable to reproducibility issues. One
possible additional contribution to the apparent disagreement
is that HCl-induced disordering may exist below the non-QLL/
QLL boundaryPyc) values we have set based on our ellipsom-
eter data, introducing error into Langmuir fits including data at
those borderline values. One potential reason for this discrepancy
is the difference in the ice sample preparation methods used in
this study (zone-refined ice cylinders) and in the ellipsometer

dstudy (single-crystal ice samples). The conditions that lead to

surface disordering may vary with crystal size or the density of
grain boundaries in the ice sample. The limited ability of a model
as simple as the Langmuir model to describe adsorption on the
ice surface at all possible conditions, 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.

2. Numerical ModelingTo further investigate our experi-
mental observations, a framework for numerical modeling
of the flow tube experiments was developed. The model is
similar in approach to that of Behr et &f and Cox et al%*

The coated-wall flow tube was conceptually divided into a
series of thin, radially well-mixed “slices”. This is a valid
approximation because, in this system, radial diffusion is fast
compared to axial convection. Gas-phase diffusion and convec-
tion in the axial direction were simulated, and a variety of
models of solute interaction with the ice film were tested. More
details regarding the model can be found in the SI. All
simulations described were programmed and executed using
MATLAB 6.0 (The MathWorks, Inc.). Simulation results are
shown along with experimental data for comparison in Figures
7 and 9.

Using our flow tube modeling framework with a Langmuir
model to describe the HEIlce interaction, we can simulate both

inverse temperature is nonlinear, exhibiting somewhat poor the shape of the uptake curves and the measured surface
agreement with eq 4. The overall slope corresponds to coverage for HCl uptake on smooth ice samples which had been
AHags = —15 4+ 2 kJ mofl, consistent with nondissociative  previously exposed to HCI (“aged” samples). The results of the
adsorption. For reference, the enthalpy of solution of HCI in simulation are shown plotted along with the experimental data
liquid water, which includes ionization, is 75 kJ/mié%. An for comparison in the lower left panel of Figure 7. The total
isosteric heat of adsorption analysis of the data results in anumber of sitesS was assumed to be the measured saturation
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Figure 7. Flow tube model simulation results for adsorption of HCI onto smooth and zone-refined ice samples under non-QLL conditions (213 K,
7 x 1077 Torr HCI). (A) Adsorption onto smooth ice. The upper panel shows adsorption onto a “fresh” ice sample, modeled using a two-site
Langmuir model. The lower panel shows adsorption for subsequent exposures. (B) Adsorption onto zone-refined ice, modeled with (thick gray
lines) and without (thin black lines) HCI diffusion into the bulk. The results of (i) a classical Langmuir model and (ii) a dissociative Langmuir
model are shown. See text for details.
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(from Figure 2). For surface disordering conditions, uptake data from

the same ice sample have been represented using like symbols. The Time (s)

dotted line demarcates the transition to surfaqe-disordgring conditions Figure 9. Simulations of the surface-to-bulk flux observed at long

(Pt 3 10, Tot o196 ). The Lanarmur adsorpton SO tms upon I uptak o 7. refined e e coniions where HC-
: h . S induced surface disorder was observed using ellipsometry in our

are listed in Table 1. The_ honzqntal line _mdlcates the average 54urface previous work (196 K, % 10°7 Torr) 197 Experimental data from our

coverage for Zsurface disordering conditions, 2.110.08) x 10" previous work are shown for comparison. Simulations were performed

molecules cm. using the flow tube model framework and a model of absorption of

L HCI to (a) a bulk ice layer, (b) a true liquid layer, and a surface layer
surface coverage (see Table 1). If adsorption is assumed to quith kdeg(\)mm Nead = 1_5yx 1&)6 st whi<c:lh Wasy(c) 100 nm thick ang

1 1 1 1 1
0 500 1000 1500 2000 2500

barrierless, the adsorption rate constérds is defined as (d) 1 nm thick. All models account for diffusion from the surface layer
to the bulk. The adsorption rate was calculated on the basis of gas

ka — a (5) kinetic theory, and the rates of desorption for ice and water were
ds S(anl%T)l’Z calculated using solubility data. Simulation results suggest that the

surface-to-bulk flux observed at long times upon HCI uptake on zone-

wherem s the mol lar mass is the Boltzmann constant refined ice under QLL-forming conditions can best be described by
eremIs the molecular massg IS the 5o ann constant, absorption into a surface layer with an HCI solubility intermediate

ando is the mass accommodation coefficiéitThe desorption  petween that of a true liquid layer and bulk ice, regardless of layer
rate constantkies Was calculated fronb andkagsaccording to thickness.

eq 2. In our modelsq. andb were adjustable parameters, but

estimates ofb are available from our isotherm analysis (see Hynes et al. measured an initial uptake coefficient 0.05,
Table 1), and bounds can be placed on the value ledised on for HCI adsorption atT > 205 K and 1.1x 10°% Torr
measurements available in the literatif€? Since radial dif- (conditions for which no surface change was observed in our
fusion is neglected in this model, the values used in our ellipsometry experiments). The initial uptake coefficient can be
simulation encompass both gas-phase diffusion and surfacetaken as an approximation of'” For T < 200 K at similar
uptaketo4 HCI partial pressures (conditions where we observed surface
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disordering in our ellipsometry experiments), Fluckiger et al. into the bulk and diffusion to the interior of the film (see Sl for
found thaty ~ 0.11429107|t should be noted that differences details). We found that the best agreement between simulation
in ice sample preparation method could also contribute to the and experiment for uptake curve shape and quantity of adsorbed
difference in observed uptake coefficients. On the basis of the molecules was achieved with the models that include incorpora-
best agreement with a sample of three measured uptake curvegjon and diffusion into the bulk.

we find that HCI adsorption on smooth ice at 213 K and non-  The results of simulations i and ii are shown along with the
QLL levels of HCl is described well by our model with = experimental data in Figure 7b. On the basis of analysis of a
4.0 (£0.1) x 10-2andb = 1.0 (£0.2) x 10° Torr *. Thisvalue  sample of four measured uptake curves, we find that both models
of bis consistent with the value obtained via isotherm analysis reproduce the uptake characteristics of HCI adsorption under
(see Table 1) and corresponds to a desorption rate constantpon-QLL conditions on zone-refined ice reasonably well. This,
kaes Of 5 (£1)x107%s™1. This value ofu is consistent with the  ajong with the absence of adsorption isotherm data for this type
findings of Hynes et a? It was not necessary to include of ice sample, means that neither model can be ruled out at this
diffusion of HCl into the bulk in the model to reproduce the time. As noted above, a 1:1 relationship between adsorbed HCI
smooth ice adsorption curves with reasonable accuracy, althoughmolecules and surface sites does not rule out HCI dissociation.
this does not rule out a small contribution of diffusive loss to The model parameters that resulted in the best agreement with
the observed HCI uptake. The simulation predicts an equilibrium the observed amounts of adsorbed and desorbed HClavere
surface coverage of 1.% 10" molecules cm? in close 1.2 (:0.3) x 102 b = 8 (+4) x 106 Torr %, S= 6 x 104
agreement with the measured surface coverage of-4062) molecules cm?, and an incorporation rate constant (see Sl),

4 2
x 104 molecules cm? . kinc =4 (£1) x 1074 s™1 for simulation i. For simulation iip
The observed surface coverages and shapes of the adsorption. 1.2 (£0.3) x 102, b =5 (+3) x 106 Torr %, andkpc = 4
. . y - 1 nc —

and desorption curves for fresh ice not previously exposed to
HCI, as shown in the top panels of Figure 1, can be reproduced
to a 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 (lower left panel of Figure 7),
and a second set of adsorption sites with stronger binding energ
and a slightly lower sticking coefficient. A similar approach
was used by Cox et al. to model HCI and Hi&isorption on
smooth ice filmst% The simulation results for 213 K and 7.4

7 X .
XI 100 'I_'t(?]rrﬂI:CI are S.hOWP llndthte t;)p left pan(_el of F+?1ureb7 ¢ molecules cm?, compared with a measured value of HD(1)
along wi € experimental data lor comparison. € best = 1015 molecules cm?, and both simulations reproduce the 1.7

agreement with the observed amounts of adsorbed and desorbe 4 5
HCI was obtained with = 2.0 (£0.1) x 10-2 andb = 2 (+1) fij:O.l) x 10 molecules cm? HCI that was recovered after

. 570 s of when the injector was returned to the front of the flow
Y4 —1 = 3g1
x 10" Torr™* (corresponding td’(‘.’es .1'0 (£0.5) x 1025 7) tube and desorption initiated. The HCI bulk incorporation rate
for the second set of adsorption sites. The total number of

weaker-binding sites was set equal to the measured saturatio constant of 4 £1) x 10 s, which provided the best
9 € nagreement between simulation and experiment for both models,
surface coverage for aged ice samplBgsee Table 1). The

total number of stronger-binding site, was calculated based  COTESPONdS {0 & maximum surface-to-bulk loss ratexoll'!
on S and the ex er?mentall %etern;ined ading ratio. as molecules HCI cm? s71, or 0.02% of the adsorbed HCl lost to
follows: P y ging rayo, the bulk per second.

B. Surface Disorder Conditions. 1. Smooth and Vapor-
S=91- Xfl) (6) Deposited Ice Films.Comparing the panels in Figure 1
demonstrates that, unlike what was observed on the zone-refined
The simulation predicts a total HCI surface coverage (both ice samples, there was no strong qualitative contrast found
site types) of 2.9x 1014 molecules cm?, in agreement with between the HCI uptake curves under QLL-forming versus non-
the measured first-exposure surface coverage of-BaL3) x QLL conditions for adsorption on smooth and vapor-deposited
10 molecules cm?. The predicted ratio of desorbed HCI to ices. However, for the range of HCI partial pressures where
adsorbed HCI was 0.6, which is close to the measured agingsurface disorder was observed with ellipsometry, scatter in the
ratio, y = 0.57 @0.03). uptake increased for each isotherm, and in the case of the 196
3. Zone-Refined Icén the range of conditions where surface and 213 K isotherms, a unique dependence of uptake on HCI
disorder induction was not observed with ellipsometry, we Partial pressure for each ice sample became apparent. This is
observed largely irreversible HCI uptake on zone-refined ice. demonstrated in Figure 8, which shows the HCI adsorption
Furthermore, CION@+ HCI reactive uptake experiments on isotherm for 196 K from Figure 2, but uptake data from the
zone-refined ice indicate that only a small fraction of the HCI Same ice sample have been represented using like symbols for
adsorbed under these conditions is readily available on thesurface disorder conditions.
surface for reaction with CION£}7 We used our modeling 2. Zone-Refined Icdn our recent work on zone-refined ice
framework to gain further insight into the state of this apparently in the “QLL” region of the HCl-ice phase diagrai?; a nearly
strongly adsorbed HCI. Within the numerical modeling frame- constant flux of 5x 10 molecules HCI cm? s~ from the
work, both (i) a model of Langmuir adsorption and (iiPac/> surface to the interior of the ice sample was observed, which
dependence Langmuir model were tested against the experipersisted throughout the time scale of the experiment (1 h). We
mental data. On the basis of our observations and work in theused our flow tube model to further investigate this effect,
literature suggesting that diffusion from the surface to the bulk comparing our experimental results to models of (a) absorption
may be important®~17.30.10we tested these models with and of HCI to a true liquid water layer, (b) absorption to a bulk ice
without accounting for incorporation of HCI from the surface layer, and (c) absorption to a surface layer with an HCI

(£1) x 101 In simulation ii, each dissociated HCI molecule
was assumed to occupy two identical surface sites, and the best
agreement with experimental data was obtained with the total
number of sitesS = 10 molecules cm? The calculated
concentration of HCI in the near-surface region after 3000 s of
adsorption was 6< 1071® mol HCI cnm 23 ice for simulation i

Yand 4.5x 10716 mol HCI cnr3 ice for simulation ii. Both of
these values are many orders of magnitude less than the
equilibrium solubility of HCI in bulk ice (3.5< 10~7 mol HCI
cm3).26 Both simulations predict an uptake of 96 104
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solubility, and thus HCI desorption rate constant, intermediate HCI. A value ofkgedViim/Vga9 = 1.5 x 1076 572, regardless of
between that of water and ice. In all cases the model accountedassumed value fax or layer thickness between 1 and 300 nm,
for diffusion from the surface layer into the bulk as described corresponds to a solubility of [HGl= 9.3 x 107° mol HCI

in the SI. The adsorption rate constant was calculated on thecm™2 ice for the QLL at 196 K and & 10~ Torr HCI.

basis of gas kinetic theory assumiog= 0.1, and the rate C. The Effect of Surface RoughnessComparing our results
constants for desorption of HCI from ice and water were for HCI adsorption on smooth versus vapor-deposited ice films
calculated on the basis of solubility data as follows: At ajlows us to observe the effects of varying surface roughness.

equilibrium In our measurements of HCI adsorption under non-surface-
disorder conditions, the aging ratip(vida supra), on fresh ice
Prci Viiim samples was not observed to be appreciably different for smooth
kadSR_T = kged HCI] Sat\/gas @) ice films as compared with rough ice films formed by deposition

from the vapor phase. The only observed difference in uptake
on smooth and uptake on vapor-deposited ice films was in the

and [HClkais the equilibrium solubility. Note that, since when magnitude of HCI uptake, which we have attributed to the higher

calculatingkges from equilibrium data for each “slice” along surface area (_)f thg vapor-deposited . )

the axis of the flow tube, the rates are scaled with the ratio of AS shown in Figure 4, HCI hexahydrate formation was
the differential volume element of film to the differential volume ~©PServed on smooth and zone-refined ice samples. However,
element of gas, and are therefore dependent on the thickness offCl uptake beyond saturation corresponding to hexahydrate

whereVsm andVgasare the film and gas volumes, respectively,

the surface layer. For bulk ic&gedVim/Vgad = 5.2 x 1074 formation was not observed on vapor-deposited ice samples at
s1, based on a solubility of 3.5 10~ mol HCI cnT3 ice at the same conditions. Surface roughness is the characteristic that
200 K and 106 Torr HCI26 For liquid water kedViim/Vgad = distinguishes vapor-deposited ice from the other two sample

1.5x 1077 s°%, based on a solubility of 25% by weight at 196 types!® While the flow tube-CIMS technique offers only
K and 1.5x 1075 Torr HCI.3 In the simulations, the disordered  indirect information about the chemical state of HCI on the ice

surface layer was assumed to @00 nm thick!3.15.17.107 surface, this observation suggests that HCI hexahydrate forma-
tion at these conditions is a process involving hydrate nucleation
and propagation on the crystal surface, rather than one origi-
nating in grain boundaries (abundant in polycrystalline ice), as
has been suggested for ice formed at lower temperatbi@sr

The results of the simulations are shown in Figure 9 along
with experimental data from our previous work for compari-
soni% HCI uptake on zone-refined ice under QLL-forming

conditions can best be described at long times by HCI absorption ! Y '
into a surface layer with a desorption ratekaf{Vim/Vad = observations of an initial fast adsorption mode followed by a

1.5x 10755, intermediate between that of a true liquid layer Pronounced dip in the signal after approximately 150 s for HCI

and bulk ice. FokgedViim/Vgad = 1.5 x 10 s~ and a surface adsorption on smooth and zone-refined ice films in the region
layer 100 nm thick, assuming = 0.1, andD; = 10712 cn? of the HCl-ice phase dlagra_m Wher_e HCI h_ethydrate is a
s1, we find that, after 3000 s of exposure to gas-phase HCI, metastable phase are consistent with the findings of other

the near-surface concentration throughout the exposed area 0iunvestigators that there is a nucleation barrier to HCI hexahydrate
the film reaches a value of approximatelyx910-5 mol HCI formation:©20°23
cm3, and the diffusive flux from the near-surface region into ~ D. The Role of Domain Size Qualitative and quantitative
the interior of the film is 5.3x 10 molecules cm? s 1. The differences are observed when comparing HCI uptake on smooth
results of this analysis suggest that the surface-to-bulk loss weand vapor-deposited ice films to uptake on the zone-refined ice
observe at long times can be explained in part by diffusion from samples. The key difference between the zone-refined ice
a relatively concentrated surface layer into the bulk. This cylinders and the other two film types is that the zone-refined
interpretation is consistent with those put forth by Huthwelker ice cylinders have larger domain sizes, or fewer grain boundaries
et al2® and Rossi and co-worket&; 17 per unit surface area. The preparation method for the zone-
In our ellipsometry experimenté? surface disordering was ~ refined ice cylinders involves very slow freezing, and results
observed to begin after a delay of 600 s. The model presentedin crystal domains on the order of 1 cm. An additional
here only describes adsorption to and diffusion from a surface distinguishing feature is that the zone-refined ice samples were
layer, and we have not made an attempt here to model QLL thicker than the other two types of ice film. However, by
induction’ or HCI adsorption to the surface prior to QLL analyZing diffusion through the bulk ice film it can be seen
formation. Therefore, comparison of model to experiment is only that only the topmost few microns of the ice film are penetrated
relevant after the 600 s induction period. Additionally, in our Within the time scale of the experiment, and so the three types
ellipsometry measuremeri&,the QLL thickness continued to of ice film effectively would have the same thickness (see the
increase for as long as the crystal was exposed to gas-phasé®! for details).
HCI after QLL formation was initiated. It is important to note Table 2 lists the adsorption parameters obtained using our
that, while each simulation assumes a surface layer of constanisimulations for HCI adsorption under non-QLL conditions. Two
thickness, our model is insensitive to surface layer thickness atof the three types of HCI adsorption that we have observed in
long times (see Figure 9c,d). This result is consistent with the our experiments under non-QLL conditions can be described
notion that, regardless of the layer thickness, the same equilib-as exhibiting strong binding: non-QLL adsorption to zone-
rium near-surface concentration is achieved within a relatively refined ice cylinders, and the irreversible adsorption on fresh
short time. At long times, the surface-to-bulk diffusive flux, in  smooth ice cylinders. The weak binding mode was significant
eq S7 of the SI, is determined only by the near-surface only for the more polycrystalline ice films studied. This suggests
concentration and the diffusivity. Therefore, we find that that the observed irreversible loss may be associated with
adsorption to a true liquid layer, even a very thin one, adsorption onto the crystal face, and that reversible uptake can
overestimates the observed surface-to-bulk flux of HCI at long be attributed to adsorption into the grain boundaries. This is
times. Likewise, adsorption to a solid ice layer, even a very consistent with previous suggestions that HCI loading at the
thick one, underestimates the observed surface-to-bulk flux of grain boundaries could lead to local disorder in the ice lathiéé.
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TABLE 2: Adsorption Parameters Obtained via Simulations for HCI Adsorption to Smooth and Zone-Refined Ice Films at 213
K and Non-Surface-Disordering Levels of HC#

ice model a Kes(S7%) b (Torr™?) kinc (571
aged smooth Langmuir (weak binding) 4:6Q.1) x 102 5(+1) x 102 1.0 *0.2) x 10° N/A
fresh smooth Langmuir (strong binding) 28q.1) x 102 1.0 #0.5)x 1073 2 (£1) x 107 N/A
zone-refined Langmuir 1.240.3) x 102 1.0 #0.5)x 10°3 8 (+4)x 1° 4 (£1) x 104
zone-refined dissociative Langmuir 12@.3)x 102 1.0 #0.5)x 1073 5(*3) x 1¢° 4 (£1) x 104

a Relatively strong binding of HCI to the ice surface is associated with zone-refined ice cylinders and fresh smooth ice cylinders. Weaker binding
is associated with aged ice cylinders.

In this scenario, the HCl-loaded, disordered grain boundaries modes of adsorption correspond to adsorption to sites at crystal
could have properties similar to those of zone-refined ice faces and those at grain boundaries, but there is not enough
samples which have been exposed to HCI under QLL-forming information to enable us to conclusively assign each adsorption
conditions!®” they would exhibit largely reversible adsorption mode to a type of site. At conditions where HCl-induced surface
and act as a source of HCl that is readily available for reaction. disorder is not anticipated, we have observed Langmuir-like
However, to our knowledge no direct evidence exists, either in submonolayer HCI adsorption on polycrystalline laboratory ice
our work or in the literature, to support the picture of preferential surfaces which have previously been exposed to HCI. However,
adsorption leading to disordering at grain boundaries. In the the HClFice interaction is not well-described by a classical
absence of disordering at the grain boundaries, HCI moleculesLangmuir model when comparing between temperatures. The
adsorbed there would be presumably less available for reactionpredicted presence of the QLL and the domain size (i.e., density
than molecules adsorbed to the surface. of grain boundaries) in the ice sample both control HCI uptake.
Short-lived cubic ice defects have been postulated to play aFinally, we found indirect evidence that HCI hexahydrate
role in the uptake of acetone to primarily hexagonal ice formation on ice between & 107 and 2x 10°® Torr HCI
samples18We observed significant irreversible HCl uptake and and between 186 and 190 K is a process involving hydrate
aging effects at all temperatures studied (196, 203, and 213 K),nucleation and propagation on the crystal surface.
and for all ice sample types, from ice deposited from the vapor
phase at 233 K to very slowly zone-refined ice cylinders.  Acknowledgment. This research was supported by grants
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