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A key chemical reaction in stratospheric ozone depletion is the reaction of chlorine nitrate (ClONO2) with
water. This reaction is known to be catalyzed in the presence of ice particles found in polar stratospheric
clouds (PSCs). However, the mechanism and time scale of the reaction, and the role of the ice surface, are
not well understood. This surface second harmonic generation study shows that the submonolayer ClONO2

hydrolysis on basal ice (Ih) surfaces at 185 K occurs autocatalytically, with the product molecule HOCl
acting as the autocatalyst. The other product, HNO3, acts to delay the reaction. The hydrolysis reaction is
surprisingly slow, with induction times that range from 100 to 1000 s, depending upon how much reactant
is initially present. It is proposed that the ice surface serves as a reservoir, enabling the reaction to be acid
catalyzed.

1. Introduction

In the past decade there has been intense work on the
chemistry of stratospheric ozone depletion, which is now known
to be catalyzed by icy particulates. While many studies have
focused on the role of the solids in this chemistry, the
mechanisms of the key reactions and their time scales are not
yet clear. In this work, a surface-sensitive laser method is utilized
to explore the hydrolysis of chlorine nitrate (ClONO2) to
hypochlorous acid (HOCl) and nitric acid (HNO3) on single
crystalline basal ice surfaces under pressure and temperature
conditions representative of the stratosphere. This work con-
tributes to an understanding of the surface chemistry of ice,
which is surprisingly not yet well characterized.

ClONO2, HOCl, and hydrochloric acid (HCl) are thought to
be culprits in key chemical reactions that lead to stratospheric
ozone depletion.1-3 The following reactions have been proposed
for these species adsorbed on polar stratospheric cloud particles
consisting of ice (type II) and nitric acid hydrates (NAH, type
I):

Reactions 1-3 correspond to the heterogeneous production of
active chlorine and lead to the denitrification of the strato-
sphere.1,4,5 As a result, ozone is effectively depleted by radical
reactions.1-5 PSCs form below 195 K, temperatures which are
reached inside the stratospheric polar vortex above Antarctica
and the Arctic.6,7 Due to their small size (1-10 µm) and slow
growth under near equilibrium conditions, PSC particles are
thought to be single crystalline,8,9 with low index faces
exposed.10 In the case of hexagonal ice Ih, these are the basal
(0001) and prism (1100) faces.11

Various studies have probed reactions 1-3 using flow tube
reactors,12-15 Knudsen cell methods,16,17and ultrahigh vacuum
techniques18 using vapor-deposited ice and NAH. The kinetic
analysis using these methods can be complicated,19 and the ice
is often difficult to characterize.20 While these studies have
shown that in contrast to the gas-phase reactions, chlorine
activation does take place in the presence of ice via reactions
1-3, not much is known about the reaction rates, the reaction
mechanism, or why ice is required to catalyze the reaction.

One of the difficulties in studying ice from a surface science
point of view is its high vapor pressure: at 185 K the
equilibrium vapor pressure is 10-4 Torr, precluding many
traditional surface science approaches that typically require
<10-6 Torr pressures. One suitable method with demonstrated
surface selectivity and sensitivity is the nonlinear optical method,
second harmonic generation (SHG).21,22 SHG provides an in-
situ, on-surface direct probe of the surface chemistry of ice.23-26

In SHG, two photons of a single frequency are concertedly
transformed into one photon at double the frequency. This
nonlinear optical scattering effect becomes important when high-
intensity light fields (e.g., from pulsed lasers) are present in
noncentrosymmetric media, including surfaces.21 The effect
originates from the second-order nonlinear susceptibilityø5(2) of
the surface molecules which, for small coverages, is modeled
as the product of the number density of the molecules adsorbed
on a surface (Ns) and the molecular hyperpolarizability, averaged
over all orientations〈R5(2)〉. The square root of the SHG intensity
is proportional toø5(2) and hence the number density of adsorbates
at the surface

In molecular surface systems, the SHG signal is thought to
originate over the spatial dimension of just one or a few
monolayers.22,24

The SHG scattering intensity is enhanced whenever the
second harmonic frequency is in resonance with the adsorbed
molecule.21 Thus, by scanning laser wavelengths, SHG can be
utilized for obtaining nonlinear electronic spectra on the surface.
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ClONO2(g) + H2O(s)f HNO3(ad)+ HOCl(ad) (1)

ClONO2(g) + HCl(ad)f Cl2(g) + HNO3(ad) (2)

HOCl(g) + HCl(ad)f Cl2(g) + H2O(s) (3)

xI2ω ∝ ø5(2) ) NS‚〈R5(2)〉 (4)
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A second feature of this study is that single crystalline ice is
used, with the basal face exposed, and held at equilibrium with
its vapor pressure at all temperatures used in the experiment.

2. Experimental Section

The experimental apparatus has been described.23-26 Single
crystalline ice is grown using an adaptation of the Bridgeman
technique, and its crystallinity is verified using polarizing
microscopy.26 A 3 mm thick piece of 1 cm diameter is cleaved
from the crystal sample, such that the basal plane (0001) is
exposed, and frozen onto a cold polished aluminum sample
mount that is in thermal contact with a liquid nitrogen dewar
serving as the sample holder. A chromel-alumel thermocouple
is embedded in the ice. The sample holder is placed into a turbo-
pumped (170 L/s) Pyrex glass vacuum chamber with a base
pressure of 10-8 Torr. A ceramic button heater (Spectra-Mat
E-292) connected to the sample mount allows for temperature
regulation of the ice crystal between 110 and 270 K via a
temperature controller. The crystal is annealed at 190 K for 30
min. During the experiments, the surface of the crystal is
maintained in equilibrium with the surrounding water vapor27

by additional dosing of water. Water and the sample gases are
admitted to the chamber using Chemglass Teflon leak valves.
Partial pressures are measured using a quadrupole mass
spectrometer (Ametek Dykor MA200 M), and the total pressure
inside the chamber is determined via a calibrated Bayard-Alpert
ionization gauge (Granville Phillips).

The laser fundamental is the 600 nm output of a pulsed 4
MHz cavity-dumped subpicosecond dye laser (Rhodamine-6G,
tunable from 580 to 620 nm, 100 mW average power) pumped
by a picosecond Nd:YAG laser (Spectra Physics 3800S). The
beam is focused on the ice sample to approximately 30µm.
The laser is directed at the ice surface at a 60° angle, and
collinear with the linear reflection is the SHG signal. Both the
reflected fundamental and second harmonic light pass through
a fused quartz window. The SHG light is then separated from
the fundamental frequency by two Corning 7-54 filters, and its
polarization is analyzed using a quartz Rochon polarizer. The
SHG light is further separated from the fundamental frequency
by a monochromator and detected by single photon counting
techniques. The signal is normalized to the laser intensity by a
reference SHG signal generated in transmission through potas-
sium dihydrogen phosphate (KDP) powder in an index-matched
fluid. The reference signal is collected using a detection system
identical to the one used in the sample line, correcting for the
wavelength response of the detection system.

ClONO2 is prepared from N2O5 and Cl2O (see safety
precautions in ref 24). HNO3 is dosed from the vapor phase of
a 69% nitric acid solution (EM Science) placed in an evacuated
250 mL sample flask. HOCl is prepared by hydrolysis of
ClONO2 in 40% sulfuric acid (EM Science).24 Using low partial
pressures of the sample gases ClONO2, HOCl, and HNO3 (10-9

to 10-8 Torr) and exposure times ranging from 10 to 300 s,
exposures of 0.1 up to 3 langmuirs are achieved with a
reproducibility of 10%.

We have previously reported that the SHG response from a
clean ice surface is constant over the wavelength range of the
dye laser (580-640 nm), yielding five SHG photons per second
with our dye laser system.25 When the ice surface is probed
with the s-in/s-out polarization combination (the s-in/s-out
polarization combination is given by probing the surface with
light polarized parallel to the surface and detecting only the
component of the SHG that is polarized parallel to the surface
as well), a nonzero SHG signal is obtained, which is consistent

with the 3m symmetry of the crystalline basal plane of ice.24 In
other studies, we showed that SHG signals from HOCl adsorbed
to ice are resonantly enhanced and therefore provide a surface
selective signature for probing reaction 1.23,24Addition of HOCl
on the ice surface also causes an increase in the s-in/s-out signal,
consistent with increased hyperpolarizability, and further,
indicating that these molecules are adsorbed in registry with
the underlying ice lattice.24

3. Results

When the clean ice surface is exposed to a submonolayer
dose of ClONO2, a significant time delay is observed before
the SHG signal increases sigmoidally. This is shown in Figure
1, where the ice held at 181 K was exposed to 0.4 langmuir
ClONO2. The partial pressure of ClONO2 was 5× 10-9 Torr.
Exposure started at 0 s and lasts for 80 s, and the dosing block
is indicated by the dashed vertical bars. This signal increase is
due to the formation of HOCl, which was verified by taking a
surface SHG spectrum after the increased SHG signal was stable
over time.24 Also, exposing excess HCl to the surface after the
increased SHG signal was stable caused an exponential decay
of the signal following pseudo-first-order kinetics, indicating
that reaction 3 was taking place.24 Other control experiments
show that the SHG signal increase is not due to coproduct
HNO3:24 exposure of the clean ice surface to HNO3 did not
result in an SHG signal change. This is expected since HNO3

does not have an electronic transition at 300 nm and resonance
enhancement such as for HOCl does not occur.

On the basis of the similar UV absorption cross sections of
ClONO2 and HOCl around 290 and 300 nm, respectively,20

resonant enhancement of the SHG signal would also be expected
for ClONO2. However, even when probing the ice surface with
laser light at 580 nm and recording the second harmonic signal
at 290 nm, no increase of the signal was observed during
ClONO2 exposure. This lack of signal increase could be because
the electronic structure of ClONO2 adsorbed at the ice surface
is different from the electronic structure of gaseous ClONO2; it
may be altered in such a way that the electronic resonance is
shifted out of the wavelength range of our dye laser. This could
be due to hydration of ClONO2 at the surface. Another
possibility is that ClONO2 adsorbs dissociatively on the ice
surface. This latter picture is supported by ab initio calculations
showing that as the size of a water cluster is increased, an
attached ClONO2 molecule becomes increasingly polarized
along the Cl-O bond.28 We also preconditioned the ice crystal
held at 173 K with HCl and exposed the surface to ClONO2,
but formation of HOCl was not observed, indicating that at that

Figure 1. SHG signal at 300 nm recorded vs time after exposing the
ice crystal held at 181 K to 0.4 langmuir ClONO2. 1 langmuir) 10-6

Torr‚s and corresponds to monolayer coverage if the sticking coefficient
of the adsorbate is unity. The solid line is the best fit to eq 5. The
surface was probed with light plane polarized at a 45° angle from the
surface and collecting only light polarized parallel to the surface (s).
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temperature, reaction 2 was dominant. This is consistent with
the finding by Oppliger et al.17 Despite its electronic resonance
at around 300 nm, Cl2 is not seen at the surface. This is
consistent with the finding by Banham et al.29 that Cl2 has a
temperature of maximal desorption of 110 K.

We characterize the SHG vs time traces by fitting the
normalized SHG traces to the following sigmoidal fit function:

The left-hand side of the equation represents the square root of
the SHG signal with the background originating from the clean
ice surface subtracted;n andr are fit parameters. The SHG vs
time trace in Figure 1 can thus be understood to represent the
degree to which HOCl has been formed: at early times, very
little HOCl is formed; at late times, the maximal amount of
HOCl has been formed. The induction times are characterized
by τ ) ln(n)/r and correspond to the timeτ at which the signal
intensity has reached its half-maximum. When measuring the
induction times for various ClONO2 exposures between 0.1 and
2.0 L, we find that they vary with the amount of ClONO2

exposed to the surface. This is shown in Figure 2A, where it

can be seen that the induction times decrease initially and then
increase again with increasing ClONO2 exposure above 1.33
langmuirs.

The sigmoidal shape of the time evolution of HOCl (Figure
1) and the behavior of the induction times (Figure 2A) are
indicative of an autocatalytic process, in which one of the
product acids (either HNO3 or HOCl) increases the rate of
further ClONO2 hydrolysis. Autocatalysis is a well-studied
phenomenon30 with examples in many biological and chemical
systems. A standard test for autocatalysis is to start the reaction
in the presence of the autocatalyst, which will shorten the
induction times. We performed this test first on the product acid
HNO3 by exposing 0.4 langmuir ClONO2 to ice surfaces that
had been preconditioned with various amounts of HNO3 (0.1-
0.5 langmuir). Fits to eq 5 yielded induction times thatincreased
linearly with HNO3 preexposure at 12(2)× 102 seconds per
langmuir of exposed HNO3. This lengthening effect of HNO3
on the induction times clearly shows that HNO3 does not play
an autocatalytic role in the heterogeneous hydrolysis reaction
of ClONO2. Rather, it serves as an inhibitor, poisoning the
reaction. This result is consistent with previous work by others
showing that the ClONO2 hydrolysis reaction occurs less
efficiently on NAH surfaces.12-17

When the other product acid, namely HOCl, is dosed onto
the ice prior to ClONO2 exposure, the induction times to the
onset of HOCl production are found to be shortened consider-
ably. This is shown in Figure 2B, where the HOCl predosing
experiment is performed in the following way: at negative times,
the SHG signal increases upon admission of HOCl (0.1 langmuir
exposure). Once the HOCl valve is closed, the SHG signal
decays over time as HOCl desorbs from the ice surface,
consistent with our earlier studies of HOCl desorption from ice.24

At 0 s, the ice surface was exposed to 2.0 langmuirs ClONO2

(partial pressure) 7 × 10-8 Torr for 30 s), resulting in an
increase of the SHG signal after an induction time of about
200 s. The 200 s induction time obtained in this test for the
hydrolysis of ClONO2 on ice is 5 times shorter than the
induction time obtained when the clean ice surface is exposed
to the same amount of ClONO2. The shortening effect that HOCl
has on the induction times clearly shows that the HOCl product
acid acts as an autocatalyst in the heterogeneous hydrolysis
reaction of ClONO2.

If one considers the SHG intensity after the plateau has been
reached in traces such as shown in Figure 1 as a function of
ClONO2 exposure, one obtains Langmuirian behavior. This is
shown in Figure 3A, where the relative HOCl coverage was
determined by measuring the plateau SHG intensity after the
ClONO2 hydrolysis is complete. This SHG yield is normalized
to the maximal SHG yield (∼30 photons per second at 300 nm)
and is plotted vs ClONO2 exposure up to 2.0 langmuirs
(background from the clean ice surface subtracted). Up to about
1.0 langmuir ClONO2 exposure, the HOCl yield increases with
ClONO2 exposure, while it remains constant for higher expo-
sures. Insofar as the SHG signal from HOCl reports on the initial
adsorption of ClONO2, then these data indicate the ClONO2

adsorption on ice is Langmuirian.
The effect of increasing the ClONO2 concentration on the

reaction can be seen in Figure 3B. It can be seen that for
ClONO2 exposures up to 0.5 langmuir, the concomitant increase
in HOCl coverage speeds up the hydrolysis rate. A simple one-
step autocatalysis model was employed to obtain the autocata-
lytic reaction rates. For an autocatalytic reaction such as A+
P k

f P(2P) the following time dependence is obtained for the
product concentration:30

Figure 2. (A) Induction times for ClONO2 hydrolysis on ice held at
173 K and various ClONO2 exposures between 0.1 and 2.0 langmuirs.
The induction times are the times from starting exposure to the inflection
point of the SHG vs time trace and were calculated from eq 5. Errors
in the induction times are obtained by propagating the errors associated
with fit parametersn andr in eq 5. Errors in the ClONO2 exposure are
based on the 10% reproducibility of ClONO2 exposure. (B) SHG signal
recorded vs time for ice held at 173 K. The initially clean ice was
preexposed to 0.1 langmuir HOCl at negative times. The solid line
before zero time is the best fit to a single exponential of the form
a e-bt; after zero time it is the best fit to eq 5.

xI - xIH2O
) 1

1 + n e-r t
(5)
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Here, the subscript o indicates the initial surface concentrations
of reactant A and autocatalyst P, and the equality [Ao] - [A]
) [P] - [Po] was used to arrive at eq 6. Comparison with eq 5
reveals that the fit parameterr is the reaction rate given byk([Ao]
+ [Po]), wherek is the autocatalytic rate constant. Use of eq 5
as a fit function yields reliable reaction ratesr, and knowledge
of the absolute reactant surface concentrations is not required.

An alternative explanation for the data could be offered that
an intermediate invisible to our laser system is formed during

the hydrolysis reaction of ClONO2, according to A+ B
kf
f C

kd
f D + E. However, the rate of the intermediate formation and
its decay to D and E should not be influenced when the system
is preconditioned with product molecules D or E. The observa-
tion that the induction times are shortened considerably when
the ClONO2 hydrolysis is carried out on ice surfaces precon-
ditioned with HOCl is not consistent with two consecutive
reactions involving an intermediate.

It could also be argued that the observed surface kinetics are
due to surface or bulk diffusion. The observed dosing effects
could be the result of the dosed molecules affecting the diffusion

of reactants in some way. Measuring the induction times for
low (0.3 langmuir) ClONO2 exposures for ice crystal temper-
atures between 163 and 188 K, we find that they are temperature
independent with an average value of 300( 200 s. The
temperature independence of the induction times would not be
consistent with diffusive processes, which usually have energy
barriers.33 The temperature variation experiment also argues
against the postulate that the observed surface signals are the
result of time-dependent reorientations of the HOCl product
molecule: reorientation processes, which could affect SHG
signal intensities, are expected to have energy barriers as well.
Experiments using 45° polarized light input and collecting all
polarizations of the SHG signal showed intensity vs time traces
similar to those in Figure 1. Thus, the observed SHG signals
from the ClONO2-dosed ice surface are not very sensitive to
the tensorial properties of SHG.

4. Discussion

On the basis of the experimental results presented in this work
and ab initio calculations by Bianco and Hynes31 and Xu and
Zhao,32 we suggest the following reaction mechanism for the
hydrolysis of ClONO2 after its adsorption at the ice surface
(Figure 4A):

Figure 3. (A) SHG yield after ClONO2 hydrolysis on ice held at 173
K for various ClONO2 exposures between 0.1 and 2.0 langmuirs. The
solid line is the best fit to a Langmuirian isotherm of the formcx/(1 +
cx). (B) Rates for the ClONO2 hydrolysis reaction obtained for various
ClONO2 exposures between 0.1 and 2.0 langmuirs. The ice was held
at 173 K.

[P](t) )
[Ao] + [Po]

1 + ([Ao]

[Po] )e-k([Ao]+[Po])t

(6)

Figure 4. (A) Proposed kinetic scheme of the autocatalytic step
involved in the heterogeneous ClONO2 hydrolysis reaction on ice. (B)
Comparison of the calculated (×) and measured (filled circles) induction
times for the heterogeneous ClONO2 hydrolysis reaction on ice. The
parameter values used in the model are listed in Table 1.

nH2O + ClONO2(ads)98
kstart

HNO3(ads)+ HOCl(ads)+
(n - 1)H2O (7)

nH2O + ClONO2(ads)+ HOCl(ads)98
kauto

HNO3(ads)+
2HOCl(ads)+ (n - 1)H2O (8)
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For a given ClONO2 exposure, the initial HOCl formation rate
is slow during the starter step (reaction 7) and speeds up with
time as more HOCl is formed during the autocatalytic step
(reaction 8) until all ClONO2 is depleted. As the surface is
exposed to more ClONO2, more HOCl is formed at the surface,
in agreement with data in Figure 3A. Higher HOCl coverage
results in a faster rate (Figure 3B); hence the induction times
are shortened with increasing ClONO2 exposure. These kinetic
results are supported on a mechanistic level: in reaction 8,
protonation of the nitrate group is easier than in reaction 7 since
HOCl is a slightly better proton donor than water. The weak
acidity of the autocatalyst appears to play an important role in
reaction 8: in separate experiments, we observed a similar
shortening of the induction times when ice surfaces were
exposed to 0.1-0.5 langmuir acetic acid prior to exposure to
2.0 langmuirs ClONO2. The induction time was shortened from
around 1200 to 170 s.

With even higher ClONO2 exposures, according to our
proposed model, the HNO3 product begins to tie up reactive
water sites on the ice surface. It is known from work by
Livingston and George that HNO3 dosed on ice retards both
the diffusion and desorption of water molecules on ice.33

Likewise, we observed in previous work24 that HOCl desorption
rates from ice decrease with increasing amount of predosed
HNO3. We propose that HNO3 acts as a molecular glue for
HOCl via formation of a complex (HOCl‚HNO3) (Figure 4A).
In the context of the ClONO2 + ice reaction, this decreases the
surface concentration of free autocatalytic HOCl. Second, the
strong acid HNO3 may complex several water molecules on
the ice surface which is consistent with its tendency to form
hydrates near these temperature and pressure conditions.34 With
less surface water molecules available, reaction 1 should be
retarded, as observed when we predose the ice with HNO3. Both
cases lead to a retardation of the ClONO2 hydrolysis reaction.
As a result, the rate of the reaction slows down for high ClONO2

exposures (Figure 3B).
The kinetic model presented in Figure 4A was tested for

plausibility using numerical integration methods.35 In our model,
ClONO2 adsorbs dissociatively onto the ice; this process is
governed by the rate constant for adsorption,kads, and is
consistent with a lack of the SHG signal from ClONO2 at the
surface. HOCl and HNO3 are then formed by hydrolysis of Cl+

and NO3
- in two starter steps with individual rate constants

kstart1 and kstart2. HOCl reacts autocatalytically with H2O and
Cl+; this step is governed by the autocatalytic rate constantkauto.
HOCl can also be tied up reversibly by HNO3; this step is
governed by the forward reaction rate constantktie and the
backward reaction rate constantkuntie. Numerical integration at
the Runge-Kutta fourth-order level was employed to solve the
kinetic equations for the processes displayed in Figure 4A. No
appreciable deviation of results was observed for step sizes
between 0.125 and 1 s. Runs were carried out over 1400 s, and
ClONO2 exposures between 0.1 and 2 langmuirs were achieved
by coding the equivalent of an on-off valve. Variation of the
ClONO2 pressure and the dosing time allowed for the replication
of the actual experimental conditions. The ice surface consisted
of 6 × 1014 water adsorption sites. Calculation of individual
HOCl concentration vs time profiles for varying amounts of
ClONO2 gave induction times that are in good agreement with
the experimentally observed induction times (Figure 4B). (For
parameters see Table 1.) The kinetic model presented in Figure
4A is therefore consistent with the physical and chemical
processes we observed for the heterogeneous hydrolysis of
ClONO2 on ice.

The mechanism by Bianco and Hynes provides one reason
for why ice is needed for the heterogeneous ClONO2 hydrolysis
reaction: since half of the transition state morphology is
presented to the incoming ClONO2 in the form of an ice surface,
the activation energy required for the hydrolysis reaction is
lowered enough to allow reaction 7 to occur on ice.31 Measuring
the induction times corresponds to measuring the starter step
kinetics (reaction 7). Our experimental observation that the
induction times are not dependent on temperature is consistent
with ab initio calculations by Bianco and Hynes that indicate a
low (12 kJ/mol) energy barrier for reaction 7 withn ) 3.31

This present work has shown a second important role played
by the ice surface in the ozone-depleting ClONO2 hydrolysis
reaction: it acts as a reservoir so that the (weak) acid-catalyzed
second step (reaction 8) can occur. It is this acid-catalyzed
reaction that allows the efficient conversion of chlorine nitrate
to HOCl and HNO3 on ice.

The observed reaction times in this study are on the order of
100-1000 s. Given the fact that the ozone depleting reactions
occur on the time scale of months during the polar night when
PSC particles are present, it is clear that the chlorine nitrate
hydrolysis reaction has plenty of time to occur efficiently on
stratospheric ice particles. Models for stratospheric ozone
depletion are insensitive to the kinetic or mechanistic details of
reactions 1-3 since the reactions are not limiting the rate of
the overall ozone depletion process.

It is clear from these studies that the often usedγ parameter,
the reaction probability, may not in fact be a constant but can
change during the course of a reaction since the surface
composition changes due to product buildup, and the products
can modify the reactions rates.

5. Summary

In this study, we find that the reaction mechanism of the
ClONO2 hydrolysis on ice is autocatalytic in nature and that
HOCl acts as the autocatalyst, while the HNO3 coproduct delays
the reaction. Thus, the reaction of ClONO2 on the equilibrium
basal ice surface at 185 K is unusual in that one of the products
HOCl is a catalyst and the other product HNO3 is an inhibitor.
The ice surface plays a dual role by (1) presenting an array of
water molecules that help form the reaction transition state in
a first step and (2) serving as a reservoir so that the reaction
can be catalyzed by HOCl, the weak acid product, in a second
step. Sum frequency generation experiments that give vibrational
information about surface species21 will be of great utility in
further characterizing reactions on ice, including addressing
interesting questions regarding ionization of species at the
interface.

Acknowledgment. We acknowledge the support of NSF
grant ATM 9022613 and the Presidential Young Investigator
Award ATM-9158080. J.M.H. thanks the Henry B. Luce
Foundation and the Alfred P. Sloan Foundation for support.

TABLE 1: Parameters from the Kinetic Model Used for
Calculating Induction Times for the Heterogeneous ClONO2
Hydrolysis Reaction on Ice

parameter value

kads 2.9× 105 Torr-1 s-1

kstart1 1 × 10-29 cm2 molecules-1 s-1

kstart2 1 × 10-29 cm2 molecules-1 s-1

kauto 4.5× 10-30 cm4 molecules-2 s-1

ktie 7.5× 10-16 cm2 molecules-1 s-1

kuntie 7.5× 10-16 s-1

[H2O] 6 × 1014 molecules cm-2
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