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The Hydrolysis of Chlorine Nitrate on Ice Is Autocatalytic
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A key chemical reaction in stratospheric ozone depletion is the reaction of chlorine nitrate (¢)l@ii®©

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 CIONO
hydrolysis on basal ice (Ih) surfaces at 185 K occurs autocatalytically, with the product molecule HOCI
acting as the autocatalyst. The other product, HN#gts 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 Various studies have probed reactiors3lusing flow tube
. reactorst?~15 Knudsen cell method$;'”and ultrahigh vacuum
In the past decade there has been intense work on the g

chemistry of stratospheric ozone depletion, which is now known technique¥ using vapor-deposited ice and NAH. The kinetic

. - . - analysis using these methods can be complicktadd the ice
]Egczesec datilzzfr?eb)r/ollzy gfr:;]cslztoelisdsvmllethrga%:mgﬁj ht?]\ée is often difficult to characteriz& While these studies have

mechanisms of the key reactions and their time scales are notShown that in contrast to the gas-phase reactions, chlorine

yet clear. In this work, a surface-sensitive laser method is utilized activation does 'take place in the presence of ice via reacupns
to explore the hydrolysis of chlorine nitrate (CIOBOto 1-3, no'_[ much is kn(_)wn_ about_the reaction rates, the re_actlon
hypochlorous acid (HOCI) and nitric acid (HNDon single mechanism, or. vyhy .|ce .|s reqw.red .to catalyze the reactllon.
crystalline basal ice surfaces under pressure and temperature One of the difficulties in studying ice from a surface science
conditions representative of the stratosphere. This work con-Point of view is its high vapor pressure: at 185 K the
tributes to an understanding of the surface chemistry of ice, equilibrium vapor pressure is 10 Torr, precluding many
which is surprisingly not yet well characterized. traditional surface science approaches that _typlcally require
CIONO,, HOCI, and hydrochloric acid (HCI) are thought to <108 Torr pressures. One. §g|tqble methqd with dgmonstrated
be culprits in key chemical reactions that lead to stratospheric SUrface selectivity and sensitivity is the nonlinear optical method,
ozone depletiod:2 The following reactions have been proposed S€cond harmonic generation (SH&F? SHG provides an in-
for these species adsorbed on polar stratospheric cloud particle§itu, on-surface direct probe of the surface chemistry of¥c¥.
consisting of ice (type Il) and nitric acid hydrates (NAH, type 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-
CIONOL(g) + H,0(s)— HNO4(ad)+ HOCl(ad) (1) intensity light fields (e.g., from pulsed lasers) are present in
noncentrosymmetric media, including surfadeghe effect
. originates from the second-order nonlinear susceptitjiftyof
CIONO,(g) + HCl(ad)— Cl;(g) + HNOy(ad)  (2) the surface molecules which, for small coverages, is modeled
as the product of the number density of the molecules adsorbed
HOCI(g) + HCl(ad)— Clx(g) + H,O(s) () on a surfaceNs) and the molecular hyperpolarizability, averaged
over all orientations@@C] The square root of the SHG intensity
Reactions +3 correspond to the heterogeneous production of is proportional tg/® and hence the number density of adsorbates
active chlorine and lead to the denitrification of the strato- at the surface
sphere-*5As a result, ozone is effectively depleted by radical
reactions:—® PSCs form below 195 K, temperatures which are L 079 =N-m®0
. . . 2w X S (4)
reached inside the stratospheric polar vortex above Antarctica
and the Arctic®” Due to their small size (10 um) and slow
growth under near equilibrium conditions, PSC particles are . . ; : ; .
thought to be single crystallifé with low index faces originate ovzezr4 the spatial dimension of just one or a few
exposed? In the case of hexagonal ice Ih, these are the basal monolayerg? o o
(0001) and prism (1100) facék. The SHG scattering intensity is enhanced whenever the
second harmonic frequency is in resonance with the adsorbed

1 :
* To whom correspondence should be addressed. (hicksj@georgetown.edu).m_O_IeCU|92- Thu_s,_ by scanning laser Wz_avelengths, SHG can be
* Department of Chemistry, American University, Washington, DC. utilized for obtaining nonlinear electronic spectra on the surface.

In molecular surface systems, the SHG signal is thought to
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A second feature of this study is that single crystalline ice is 2.0
used, with the basal face exposed, and held at equilibrium with )
its vapor pressure at all temperatures used in the experiment. E 154

_ _ Eio]

2. Experimental Section .

The experimental apparatus has been descfb@e Single 2 051
crystalline ice is grown using an adaptation of the Bridgeman by OO_M
technique, and its crystallinity is verified using polarizing 3 j
microscopy?® A 3 mm thick piece of 1 cm diameter is cleaved -0.5 - U . . .
from the crystal sample, such that the basal plane (0001) is -200 0 2T?21e [s] 400 000

exposed, and frozen onto a cold polished aluminum sample Figure 1. SHG signal at 300 nm recorded vs time after exposing the
mount that is in thermal contact with a liquid nitrogen dewar ice crystal held at 181 K to 0.4 langmuir CIONCL langmuir= 10-5

serving as the sample holder. A chromalumel thermocouple  Torr-g'and corresponds to monolayer coverage if the sticking coefficient
is embedded in the ice. The sample holder is placed into a turbo-of the adsorbate is unity. The solid line is the best fit to eq 5. The

pumped (170 L/s) Pyrex glass vacuum chamber with a basesurface was probed with light plane polarized at & dgle from the
pressure of 1 Torr. A ceramic button heater (Spectra-Mat surface and collecting only light polarized parallel to the surface (s).
E—292) connected to the sample mount allows for temperature

regulation of the ice crystal between 110 and 270 K via a With the 3nsymmetry of the crystalline basal plane of dn
temperature controller. The crystal is annealed at 190 K for 30 other studies, we showed that SHG signals from HOCI adsorbed
min. During the experiments, the surface of the crystal is to ice are resonantly enhanced and therefore provide a surface
maintained in equilibrium with the surrounding water vagor ~ Selective signature for probing reactiod** Addition of HOCI

by additional dosing of water. Water and the sample gases areon the ice surface also causes an increase in the s-in/s-out signal,
admitted to the chamber using Chemglass Teflon leak valves.consistent with increased hyperpolarizability, and further,
Partial pressures are measured using a quadrupole mas#dicating that these molecules are adsorbed in registry with
spectrometer (Ametek Dykor MA200 M), and the total pressure the underlying ice latticé!

inside the chamber is determined via a calibrated Bayard-Alpert

ionization gauge (Granville Phillips). 3. Results

The laser fundamental is the 600 nm output of a pulsed 4  When the clean ice surface is exposed to a submonolayer
MHz cavity-dumped subpicosecond dye laser (Rhodamine-6G, dose of CIONG, a significant time delay is observed before
tunable from 580 to 620 nm, 100 mW average power) pumped the SHG signal increases sigmoidally. This is shown in Figure
by a picosecond Nd:YAG laser (Spectra Physics 3800S). The 1, where the ice held at 181 K was exposed to 0.4 langmuir
beam is focused on the ice sample to approximately:30 CIONO,. The partial pressure of CIONQvas 5x 107° Torr.

The laser is directed at the ice surface at & é0gle, and  Exposure startedt® s and lasts for 80 s, and the dosing block
collinear with the linear reflection is the SHG signal. Both the s indicated by the dashed vertical bars. This signal increase is
reflected fundamental and second harmonic light pass throughdue to the formation of HOCI, which was verified by taking a

a fused quartz window. The SHG light is then separated from surface SHG spectrum after the increased SHG signal was stable
the fundamental frequency by two Corning 7-54 filters, and its over time24 Also, exposing excess HCI to the surface after the
polarization is analyzed using a quartz Rochon polarizer. The increased SHG signal was stable caused an exponential decay
SHG light is further separated from the fundamental frequency of the signal following pseudo-first-order kinetics, indicating
by a monochromator and detected by single photon counting that reaction 3 was taking plaééOther control experiments
techniques. The signal is normalized to the laser intensity by a show that the SHG signal increase is not due to coproduct
reference SHG signal generated in transmission through potasHNO;:24 exposure of the clean ice surface to HN@d not

sium dihydrogen phosphate (KDP) powder in an index-matched result in an SHG signal change. This is expected since £#INO
fluid. The reference signal is collected using a detection systemdoes not have an electronic transition at 300 nm and resonance
identical to the one used in the sample line, correcting for the enhancement such as for HOCI does not occur.

wavelength response of the detection system. On the basis of the similar UV absorption cross sections of

CIONG; is prepared from bDs and ChO (see safety = CIONO, and HOCI around 290 and 300 nm, respectivély,
precautions in ref 24). HNQs dosed from the vapor phase of resonant enhancement of the SHG signal would also be expected
a 69% nitric acid solution (EM Science) placed in an evacuated for CIONO,. However, even when probing the ice surface with
250 mL sample flask. HOCI is prepared by hydrolysis of laser light at 580 nm and recording the second harmonic signal
CIONO; in 40% sulfuric acid (EM Sciencé}.Using low partial at 290 nm, no increase of the signal was observed during
pressures of the sample gases CIQNE@DCI, and HNG (10°° CIONGO; exposure. This lack of signal increase could be because
to 1078 Torr) and exposure times ranging from 10 to 300 s, the electronic structure of CIONGdsorbed at the ice surface
exposures of 0.1 up to 3 langmuirs are achieved with a is different from the electronic structure of gaseous CIQND
reproducibility of 10%. may be altered in such a way that the electronic resonance is

We have previously reported that the SHG response from a shifted out of the wavelength range of our dye laser. This could
clean ice surface is constant over the wavelength range of thebe due to hydration of CIONOat the surface. Another
dye laser (586640 nm), yielding five SHG photons per second possibility is that CIONQ adsorbs dissociatively on the ice
with our dye laser systeRt. When the ice surface is probed surface. This latter picture is supported by ab initio calculations
with the s-in/s-out polarization combination (the s-in/s-out showing that as the size of a water cluster is increased, an
polarization combination is given by probing the surface with attached CION®@ molecule becomes increasingly polarized
light polarized parallel to the surface and detecting only the along the C+O bond?® We also preconditioned the ice crystal
component of the SHG that is polarized parallel to the surface held at 173 K with HCI and exposed the surface to CIQGNO
as well), a nonzero SHG signal is obtained, which is consistent but formation of HOCI was not observed, indicating that at that
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A - can be seen that the induction times decrease initially and then

1400+ T increase again with increasing CIOMN®xposure above 1.33
langmuirs.

The sigmoidal shape of the time evolution of HOCI (Figure
10007 I 1) and the behavior of the induction times (Figure 2A) are
indicative of an autocatalytic process, in which one of the
8001 % Ban product acids (either HN or HOCI) increases the rate of

il
1

1200+

further CIONQ hydrolysis. Autocatalysis is a well-studied
phenomeno#? with examples in many biological and chemical
3 systems. A standard test for autocatalysis is to start the reaction
¢ {”@* %—',_E in the presence of the autocatalyst, which will shorten the
L induction times. We performed this test first on the product acid
HNO;3; by exposing 0.4 langmuir CIONCio ice surfaces that
00 05 10 15 20 had been preconditioned with various amounts of HXD1—
CIONO, Exposure [L] 0.5 langmuir). Fits to eq 5 yielded induction times timatreased
linearly with HNO; preexposure at 12(2x 10? seconds per
B, langmuir of exposed HN® This lengthening effect of HNO
on the induction times clearly shows that Hh@bes not play
an autocatalytic role in the heterogeneous hydrolysis reaction
‘ of CIONO,. Rather, it serves as an inhibitor, poisoning the
“ m "1 MLl m reaction. This result is consistent with previous work by others
’ i L 'm 'J i ““ g showing that the CION® hydrolysis reaction occurs less
" U‘" (] ‘ efficiently on NAH surface$? 17
0.5 ’ il ,“ When the other product acid, namely HOCI, is dosed onto
I fl M“ I the ice prior to CIONQ@ exposure, the induction times to the
i “ onset of HOCI production are found to be shortened consider-

Induction Time {s]

600

4004

200~

Sqrt (1 shs) — Sart (1 H20)

00 ‘ ably. This is shown in Figure 2B, where the HOCI predosing
experiment is performed in the following way: at negative times,
" T * . the SHG signal increases upon admission of HOCI (0.1 langmuir
-400 0 Time4[2§) 800 1200 exposure). Once the HOCI valve is closed, the SHG signal
decays over time as HOCI desorbs from the ice surface,
Figure 2. (A) Induction times for CION® hydrolysis on ice held at  onsistent with our earlier studies of HOCI desorption frontce.
173 K and various CION&exposures between 0.1 and 2.0 langmuirs. - o4 g the jce surface was exposed to 2.0 langmuirs CIONO
The induction times are the times from starting exposure to the inflection - 8 ' ST
point of the SHG vs time trace and were calculated from eq 5. Errors (Partial pressure= 7 x 107° Torr for 30 s), resulting in an
in the induction times are obtained by propagating the errors associatedncrease of the SHG signal after an induction time of about
with fit parameters andr in eq 5. Errors in the CION@exposure are 200 s. The 200 s induction time obtained in this test for the
based on the 10% reproducibility of CION@xposure. (B) SHG signal  hydrolysis of CIONQ on ice is 5 times shorter than the
recorded vs time for ice held at 173 K. The |n|t|a”y clean ice was |nduct|on t|me obtan‘]ed When the C|ean |Ce surface |S exposed
preexposed to 0.1 langmuir HOCI at negative times. The solid line to the same amount of CIONOThe shortening effect that HOCI
before zero time is the best fit to a single exponential of the form has on the induction times clearly shows that the HOCI product

a e after zero time it is the best fit to eq 5. " . -
acid acts as an autocatalyst in the heterogeneous hydrolysis

S
3

temperature, reaction 2 was dominant. This is consistent with "€action of C!ONQ- . '

the finding by Oppliger et &al” Despite its electronic resonance  If one considers the SHG intensity after the plateau has been

at around 300 nm, Glis not seen at the surface. This is reached in traces such as shown in Figure 1 as a function of

consistent with the finding by Banham etZlthat Ch has a CIONO; exposure, one obtains Langmuirian behavior. This is

temperature of maximal desorption of 110 K. shown in Figure 3A, where the relative HOCI coverage was
We characterize the SHG vs time traces by fitting the determined by measuring the plateau SHG intensity after the

normalized SHG traces to the following sigmoidal fit function: CIONG; hydrolysis is complete. This SHG yield is normalized
to the maximal SHG yield+{30 photons per second at 300 nm)

and is plotted vs CION® exposure up to 2.0 langmuirs
®) (background from the clean ice surface subtracted). Up to about
1.0 langmuir CIONQ exposure, the HOCI yield increases with
{CIONO; exposure, while it remains constant for higher expo-
sures. Insofar as the SHG signal from HOCI reports on the initial

Vi- IHZO

R S
1+ne"t

The left-hand side of the equation represents the square root o
the SHG signal with the background originating from the clean . L
ice surface subtracted:andr are fit parameters. The SHG vs adsorption of CION@ then these data indicate the CIONO
time trace in Figure 1 can thus be understood to represent thedsorption on ice is Langmuirian.

degree to which HOCI has been formed: at early times, very ~ The effect of increasing the CIONConcentration on the
little HOCI is formed; at late times, the maximal amount of reaction can be seen in Figure 3B. It can be seen that for
HOCI has been formed. The induction times are characterized CIONO; exposures up to 0.5 langmuir, the concomitant increase
by 7 = In(n)/r and correspond to the timeat which the signal ~ in HOCI coverage speeds up the hydrolysis rate. A simple one-
intensity has reached its half-maximum. When measuring the Step autocatalysis model was employed to obtain the autocata-
induction times for various CIONEexposures between 0.1 and  Iytic reaction rates. For an autocatalytic reaction such as A
2.0 L, we find that they vary with the amount of CIONO P_k, P(2P) the following time dependence is obtained for the
exposed to the surface. This is shown in Figure 2A, where it product concentratio#f
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Figure 3. (A) SHG vyield after CIONQ hydrolysis on ice held at 173 of reactants in some way. Measuring the induction times for
K for various CIONQ exposures between 0.1 and 2.0 langmuirs. The low (0.3 langmuir) CIONG exposures for ice crystal temper-

30)'id(E';i)”§i5 th? beﬁt ﬁéltg Sé—ﬁ”c?mlu"_ia” iso‘hermbOf _thedf?m’(l + atures between 163 and 188 K, we find that they are temperature
cX). ates for the ydrolysis reaction obtained for various  : ;
CIONQO; exposures between 0.1 and 2.0 langmuirs. The ice was held independent with an average value of 380200 s. The

at 173 K. temperature independence of the induction times would not be
consistent with diffusive processes, which usually have energy
[AJ]+ [P barriers3® The temperature variation experiment also argues
[PIH = A (6) against the postulate that the observed surface signals are the
1+ |2 |e kAP result of time-dependent reorientations of the HOCI product
[PJl molecule: reorientation processes, which could affect SHG

S o ~signal intensities, are expected to have energy barriers as well.
Here, the subscript o indicates the initial surface concentrations Experiments using 45polarized light input and collecting all

of reactant A and autocatalyst P, and the equality] [A [A] polarizations of the SHG signal showed intensity vs time traces
= [P] — [Po] was used to arrive at eq 6. Comparison with g 5 similar to those in Figure 1. Thus, the observed SHG signals
reveals that the fit parameteis the reaction rate given Bg[A ] from the CIONQ-dosed ice surface are not very sensitive to

+ [Pd]), wherek is the autocatalytic rate constant. Use of 9 5 the tensorial properties of SHG.
as a fit function yields reliable reaction ratesand knowledge
of the absolute reactant surface concentrations is not required, pigcyssion
An alternative explanation for the data could be offered that
an intermediate invisible to our laser system is formed during  On the basis of the experimental results presented in this work
) ) ) ke and ab initio calculations by Bianco and Hyfeand Xu and
the hydrolysis reaction of CIONfaccording to A+ B — C Zhao3 we suggest the following reaction mechanism for the

— D + E. However, the rate of the intermediate formation and hydrolysis of CIONQ after its adsorption at the ice surface

its decay to D and E should not be influenced when the system(FIgure AA):
is preconditioned with product molecules D or E. The observa- Kstart
tion that the induction times are shortened considerably when "H2O + CIONO,(ads)— HNO,(ads)+ HOCl(ads)+
the CIONQ hydrolysis is carried out on ice surfaces precon- (n—1)H,0 (7)
ditioned with HOCI is not consistent with two consecutive
reactions involving an intermediate. .
It could also be argued that the observed surface kinetics are uto
due to surface or bulk diffusion. The observed dosing effects MH,O + CIONG,(ads)+ HOCI(ads)— HNO(ads)+
could be the result of the dosed molecules affecting the diffusion 2HOCI(ads} (n — 1)H,0 (8)
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For a given CIONQ@ exposure, the initial HOCI formation rate  TABLE 1: Parameters from the Kinetic Model Used for
is slow during the starter step (reaction 7) and speeds up with (l_llatljcullatlngFlznduc_tlon Tlrlnes for the Heterogeneous CIONQ
time as more HOCI is formed during the autocatalytic step Y rolysis Reaction on Ice

(reaction 8) until all CIONQ is depleted. As the surface is parameter value

exposed to more CIONOmore HOCI is formed at the surface, Kads 29x 1P Torr tst

in agreement with data in Figure 3A. Higher HOCI coverage Kstart1 1 x 10"2°cn? molecules® s*

results in a faster rate (Figure 3B); hence the induction times Kstartz 1 x 10°% cm? molecules’ s

are shortened with increasing CION&xposure. These kinetic uio 4.5 107 cf molecules? s
e L : Kiie 7.5 x 10 cn? molecules! s

results are supported on a mechanistic level: in reaction 8, Kuntic 75% 10651

protonation of the nitrate group is easier than in reaction 7 since [H-0] 6 x 10“molecules cm?

HOCI is a slightly better proton donor than water. The weak
acidity of the autocatalyst appears to play an important role in - The mechanism by Bianco and Hynes provides one reason
reaction 8: in separate experiments, we observed a similarfor why ice is needed for the heterogeneous CIQK@rolysis
shortening of the induction times when ice surfaces were reaction: since half of the transition state morphology is
exposed to 0.20.5 langmuir acetic acid prior to exposure to  presented to the incoming CION@ the form of an ice surface,
2.0 langmuirs CION@ The induction time was shortened from  the activation energy required for the hydrolysis reaction is
around 1200 to 170 s. lowered enough to allow reaction 7 to occur onit&leasuring
With even higher CION@ exposures, according to our the induction times corresponds to measuring the starter step
proposed model, the HNroduct begins to tie up reactive kinetics (reaction 7). Our experimental observation that the
water sites on the ice surface. It is known from work by induction times are not dependent on temperature is consistent
Livingston and George that HNQlosed on ice retards both ~ with ab initio calculations by Bianco and Hynes that indicate a
the diffusion and desorption of water molecules on3te. low (12 kd/mol) energy barrier for reaction 7 with= 33!
Likewise, we observed in previous wéfithat HOCI desorption This present work has shown a second important role played
rates from ice decrease with increasing amount of predosedby the ice surface in the ozone-depleting CION@drolysis
HNOs. We propose that HN®acts as a molecular glue for reaction: it acts as a reservoir so that the (weak) acid-catalyzed
HOCI via formation of a complex (HO@HNO3) (Figure 4A). second step (reaction 8) can occur. It is this acid-catalyzed
In the context of the CION@+ ice reaction, this decreases the reaction that allows the efficient conversion of chlorine nitrate
surface concentration of free autocatalytic HOCI. Second, the to HOCI and HNQ on ice.
strong acid HN@ may complex several water molecules on The observed reaction times in this study are on the order of
the ice surface which is consistent with its tendency to form 100—1000 s. Given the fact that the ozone depleting reactions

hydrates near these temperature and pressure conditidrith occur on ;he time scale of m_or_1ths during the polar n_ight vyhen
less surface water molecules available, reaction 1 should bePSC particles are present, it is clear that the chlorine nitrate
retarded, as observed when we predose the ice with4iBi@h hydrolysis reaction has plenty of time to occur efficiently on

cases lead to a retardation of the CION®drolysis reaction. stratospheric ice particles. Models for stratospheric ozone

As a result, the rate of the reaction slows down for high CIGNO  depletion are insensitive to the kinetic or mechanistic details of
exposures (Figure 3B). reactions +3 since the reactions are not limiting the rate of

The kinetic model presented in Figure 4A was tested for the overall ozone depletion process.
plausibility using numerical integration methcdsn our model, Itis clear from these studies that the often ugquarameter,
CIONO, adsorbs dissociatively onto the ice; this process is the react|on_probab|I|ty, may not in fact _be a constant but can
governed by the rate constant for adsorptiéms and is change.c.iurlng the course of a reaction since the surface
consistent with a lack of the SHG signal from CIONE&X the composition change§ due to product buildup, and the products
surface. HOCI and HN@are then formed by hydrolysis of €|~ ¢&n modify the reactions rates.
and NQ~ in two starter steps with individual rate constants
kstart1 and ksiartz HOCI reacts autocatalytically with 4@ and
CI*; this step is governed by the autocatalytic rate constagt In this study, we find that the reaction mechanism of the
HOCI can also be tied up reversibly by HNChis step is  CIONO, hydrolysis on ice is autocatalytic in nature and that
governed by the forward reaction rate constigtand the HOCI acts as the autocatalyst, while the HN@product delays
backward reaction rate constdgtie Numerical integration at  the reaction. Thus, the reaction of CION6GN the equilibrium
the Runge-Kutta fourth-order level was employed to solve the basal ice surface at 185 K is unusual in that one of the products
kinetic equations for the processes displayed in Figure 4A. No HOCI is a catalyst and the other product HNi® an inhibitor.
appreciable deviation of results was observed for step sizesThe ice surface plays a dual role by (1) presenting an array of
between 0.125 and 1 s. Runs were carried out over 1400 s, andvater molecules that help form the reaction transition state in
CIONO; exposures between 0.1 and 2 langmuirs were achieveda first step and (2) serving as a reservoir so that the reaction
by coding the equivalent of an eff valve. Variation of the can be catalyzed by HOCI, the weak acid product, in a second
CIONG; pressure and the dosing time allowed for the replication step. Sum frequency generation experiments that give vibrational
of the actual experimental conditions. The ice surface consistedinformation about surface speciésvill be of great utility in
of 6 x 10" water adsorption sites. Calculation of individual further characterizing reactions on ice, including addressing
HOCI concentration vs time profiles for varying amounts of interesting questions regarding ionization of species at the
CIONO; gave induction times that are in good agreement with interface.
the experimentally observed induction times (Figure 4B). (For
parameters see Table 1.) The kinetic model presented in Figure Acknowledgment. We acknowledge the support of NSF
4A is therefore consistent with the physical and chemical grant ATM 9022613 and the Presidential Young Investigator
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