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The interactions of HOCI and CIONQwith pure and HCI-doped water ice have been reinvestigated using
infrared spectroscopy in conjunction with static and thermal desorption mass spectrometry in the temperature
range 146-180 K to probe the detailed mechanisms of their heterogeneous atmospheric reactions. In agreement
with earlier studies, HOCI was found to react with hydroxonium chloride species to directly produce molecular
chlorine. This molecular chlorine desorbed from the surface above ca. 155 K either directly or in subsequent
thermal desorption experiments, depending upon substrate temperature at the time of reaction, WA®NO
observed to heterogeneously hydrolyze upon water ice to produce HOCI and hydsax&d®4~. Below

ca. 155 K, HOCI remains adsorbed on the ice surface, while above ca. 155 K, it desorbs directly into the gas
phase. These results suggest that a long-lived, adsorbed state of HOCI is unlikely to play a direct role in
heterogeneous chemistry at stratospheric temperatures. The direct reaction of Gl@MN@n ice surface
saturated with ionic hydrates of HCI was observed to result in the production of molecular chlorine, which,
as for the HOCI reaction, either remained adsorbed or desorbed from the surface depending upon temperature.
This provides convincing evidence for the direct heterogeneous reaction witGICIONO, under stratospheric
conditions. A novel explanation for the enhanced reactivity of ClIQN&Wward atmospherically relevant
substrates is presented, in which a partially ionized precursor state is formed. Partial ionization of,CIONO
along the C+O bond serves to increase the electrophilicity of the chlorine atom, making the site highly
prone to nucleophilic attack by either water or adsorbed chloride ions.

Introduction campaigns in recent years, providing an increasing database of

The chemistry of the stratosphere, particularly in relation to the ammospheric concentrations of many of the important

iad,18
the processes that control levels of ozone, has been studieoSpeC'e§' ] ) ]
intensively in recent yeas? As a result of this activity, a wide On the basis of these observations and deductions, numerous

body of data is available from both field measureméatsd laboratory studies have attempted to recreate the conditions that
modeling studiebto support the hypothesis that heterogeneous OCCUr in the atmosphere and to measure the rates and mecha-
processing involving atmospheric particles plays a major role Nisms of the reactions of the important species upon surfaces
in controlling the partitioning of atmospheric halogen spegfes. ~ OF @erosols that mimic atmospheric particles. These data have
For example, the heterogeneous reactions of HOCI and CHONO enabled current atmosphe_nc models to attain a_remarka_ble
with HCI upon the surface of polar stratospheric clouds (P5Cs) degree of accuracy. Experimental methods by which reaction
and sulfate aerosols (SAgjdequately account for discrepancies fates are obtained from extend_ed liquid surfaces include a variety
between model predictions based entirely upon gas-phase0f wetted wall flow tube techniqué® 22 or Knudsen cell$324
chemistry and field observations. The nature of the particulate However, as pointed out by Hanson, Ravishankara, and So-
material present in the stratosphere has also received a considefomon?® the existence of liquid particles leads to the possibility
able amount of attention. Field studies over a wide range of of surface/bulk diffusion, resulting in limited uptake and surface
atmospheric regions indicate the particles are predominantly reactivity by particles where mobilities are high. Although
aqueous solutions of sulfuric, nitric, and hydrochloric acid corrections for small particle effects can be made, direct
hydrates, which may be either solid or liquid depending upon Measurements upon aerosols and entrained droplets are becom-
temperature and relative humidity!* This is supported by ~ ing more commonplace. Appropriately sized and well-
the results of recent laboratory measurements and theoreticacharacterized particles can therefore be created and studied by
modeling studie$2-17 The principal reactants that play a role @ number of experimental methods, well documented in the
in heterogeneous chemistry in the stratosphere are the oxidediterature?6-%0

of nitrogen (such as NONOs;, and NOs), the chlorine reservoir The characterization of atmospheric substrate mimics by
species CION@ HOCI, and HCI, and the particles themselves, vibrational spectroscopy has also proved exceptionally informa-
containing sulfate and nitrate ions along with varying amounts tive, with techniques such as reflectioabsorption infrared

of water. The distribution of the gaseous reactants is reasonablyspectroscopy on ultrathin condensed films being used with great
well understood from a wide range of field measurement success to study in detail the types of hydrates formed from
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nitric and sulfuric acid in various ratios over a range of relevant surface because of competition between the adsorbed ionic
temperaturedt—3> Recent advances in instrumentation have also intermediate species and newly arriving CION®r the
permitted the direct observation of aerosols by infrared spec- available surface water. However, further experimental evi-
troscopy, often in systems where temperature, pressure, anddence is required to verify this mechanism and to probe the
relative humidity can be varied to obtain realistic particle nature of the nucleophilic and electrophilic centers involved.
composition and phase informatiéft*° For example, usinga  Rossi and co-workers have also concluded, like ourselves, that
low-temperature flowing aerosol cell, Clapp efhave recently ~ the competition between adsorbed nucleophiles such,&s H
reported a study of the freezing characteristics of the sulfuric and CI- will determine the product branching rati’s.
acid/water system, in which they observe extreme supercooling In this paper, we report new, combined infrared spectroscopic
of sulfate aerosols under realistic stratospheric conditions.  and mass spectrometric studies of the CIQKTI/H,0 system
Laboratory-based spectroscopic studies of the interaction of Which are designed to remove some of the existing controversies
atmospheric species with particle mimics have also yielded the concerning the nature and identity of surface-located and
most convincing chemical mechanisms by which heterogeneousdesorbing species during the adsorption and reaction of CKONO
reactions occur. The advantage of infrared spectroscopy is thaton ice and HCI-doped ice surfaces. These controversies include
it provides a direct method of observing and, more importantly, the suggested requirement forGbns at the reacting surface,
discriminating between different surface-adsorbed species.the effect of nitrate poisoning upon the surface reactivity, and
These species may be either adsorbed reactants or surface-bourifie role (if any) of the postulated POCI]* species. We have
reaction products. By following reactions through vibrational Monitored the gas-phase composition above an ice surface and
Spectra while Controlling experimental parameters such as haVe Obtalned the infrared Spectra of adsorbed SpeCIES S|mu|'
reactant partial pressure, ambient and substrate temperature, an@neously, with the aim of accounting for all the species present
relative humidity, it has proved possible to obtain much of the during reaction. These observations support our mechanism for
information needed to construct detailed mechanisms for many réaction processes at water-rich interfaces and provide strong
atmospheric reactions, in many cases augmenting or verifying gwdence for the |mponance of pola}r|zat|on and. partial ionization
mechanistic assumptions deduced from indirect kinetic tech- in the control of ice surface reaction mechanisms.
niques. It is now also reasonably well established that
heterogeneous processes occurring upon the atmospheric particlExperimental Section
surfaces are dominated by chemical reaction mechanisms that
are largely ionic in naturé®*3 Kinetic measurements indicate
that reaction efficiency is strongly correlated with the amount
of water present in the particle or available at the reaction
interface?*46 This feature, observed on substrates ranging from
pure ice to ternary mixtures of sulfuric, nitric, and hydrochloric
acid, highlights the fundamental role of heterogeneous hydrolysis
and aqueous solvation in the chemistry of ozone depletion and
explains the correlation observed in the field between ozone
depletion, temperature, and relative humidity. The interaction
of HCI with atmospheric particle surfaces provides a good
example of the importance of aqueous solvation. Although
some authors believe that thfg’ have detected molecular HCly o jients across the substrate are negligible. All chemical
un_der stratospheric conditiofs;8the majority of experimental species were admitted into the vacuum chamber through
evidence accumulated over recent years clearly demonstrateg,yonendent glass dosing lines which are directed at the substrate
that, at all temperatures above 50 K, hydrogen chloride is readily g, tace from a distance of 25 mm to prevent cross-contamination
hydrolyze+d by water-g;h particles to give ionic hydrates of the o gases prior to their reaching the reaction surface and to
form H;O™(H0),-CI™.#7% The thermodynamics of adsorption  inimize exposure to any other parts of the vacuum chamber.
and ionization have also been investigated theoreti€&ify, Pressure measurements were made using an uncalibrated cold-
from which similar conclusions as to the ionic nature of the .4ihade jon gauge located behind the sample. Uncertainties in
adso_rt_)ate can b_e drawn. ltis clt_aar t_herefore fro_m_ these _studles[he measurement of gas fluxes at the sample due to sticking
that it is predominantly the _chlorlde ion that partlc_lpates in t_he are estimated to be quite large, and quoted pressures should be
heterogeneous atmospheric chemistry of HCI in water-rich seq only as a guide. Mass spectrometric measurements were
environments. made using a differentially pumped triple-filter instrument of
Using accumulated data from a range of infrared studies, quadrupole design (Hiden Analytical, U.K.), facing the reaction
supported by kinetic evidence, we have suggested that a coherengubstrate at a distance of ca. 25 mm. With an effective dynamic
nucleophile/electrophile reaction mechanism involving adsorp- range in excess of 7 orders of magnitude, we are able to monitor
tion, ionization, and hydrolysis can be invoked to explain the the ejection of species such as HOCI anglf@im an ice surface
reactivity and product distributions when highly polar materials during dosing and in the presence of a large excess of reactants.
such as CION@ N,Os, and HCI interact with ice surfacés. Under computer control, ionization and acceleration potentials
Infrared spectroscopic studies suggest that the hydrolysis ofwere adjusted to obtain optimum yields of parent ions or
CIONG; is initiated by cleavage of the €0 bond to produce  fragments in regions of theve scale where maximum dis-
an adsorbed [bOCI]" moiety and a nitrate ion. The subsequent crimination was possible. This is particularly important when
(temperature-dependent) hydrolysis then yields the observedtrying to discriminate between species such as Cl@lsad
reaction products. Such a scheme also provides an explanatiotHOCI, which give many of the same ionized fragments. For
of certain trends observed in kinetic studies, as discussed byexample, since they both yiet8CI'0fragments withmve 51,
Rossi and co-worker®, where a short time delay is observed HOCI was typically measured as the parent i#d%03CIT,
before the ejection of the reaction product HOCI from the while CIONG, was readily detected using #t4N160,™ fragment

The experimental apparatus used in this study is based upon
a modified version of custom-built apparatus described else-
where®? An ultrahigh-vacuum chamber, pumped by an oil-
vapor diffusion pump, is coupled to a BioRad FTS 60A/896
FTIR spectrometer. The sample substrate consists oka21l

cm gold foil (0.25 mm thickness) welded to two 0.5 mm
diameter tungsten supports. These supports are in thermal
contact with a liquid nitrogen reservoir and also serve as
electrical connections for resistively heating the substrate.
Temperatures are measured using a chromel/alumel thermo-
couple junction, spot welded to the back of the gold foil.
Because of the good thermal properties of gold, thermal
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Figure 1. RAIR spectrum of HOCI adsorbed on ice at 145 K. Bands at 2716, 1421, and 72%amows) are readily assigned to molecular HOCI
(see text).

HOCI)#?2 HOCI was prepared as an equilibrium mixture of@lI

and water, while CION@was prepared by the reaction o£0l

with N2Os. All gases were stored at liquid nitrogen temperatures

in the dark and were free from contamination. Prior to

immediate use, each sample was evaporated into the gas phase

and stored in passivated glass reservoirs at room temperature.

Gas purity was confirmed using mass spectrometry. Ice films

were grown by deposition from a constant pressure of B)~7

mbar for 30 s at 150 K and either cooled or heated to the

appropriate temperature. This method reproducibly generates

crystalline ice films of ca. 100 nm thick (deduced from their

: | } : ; : infrared spectra). Because of the effusive nature of the gas inlet

0 100 200 300 400 500 600 700 to the chamber, these films are assumed to be of uniform
HCI dose/Langmuirs thickness.
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Figure 2. Integrated intensity of theOH band of an adsorbed HOCI
layer as a function of HCI dose at 140 K.
at m/e 46 (the parent ion is usually quite weak). As a result, Reaction between HOCI and HCI. To study the hetero-
the relative fragment intensities observed in many cases differ geneous reaction between HOCI and HCI, experiments were
from those cited in the literatufd. A simple estimate of mass  conducted using pure thin films of ice with appropriate
spectrometric sensitivity can be obtained from the data in Figure adsorbates. Both RAIR and mass spectra were obtained during
5. The upper trace represents #€l" signal during exposure  and after dosing, the latter as thermal desorption profiles.
of the ice surface to 3 1077 mbar HCI, which gives rise to ~ Adsorbed films of HOCI were generated in vacuo by the
ca. 3 x 10° counts per second at the detector. Assuming following method. First, an ice film was deposited at the
linearity, a partial pressure of t 10713~ 1 count per second.  required temperature upon the thermostated gold foil substrate.
As a rough approximation, a gas at a pressure »f10-6 mbar This clean ice surface was then exposed to an equilibrium
produces a monolayer in ca. 1 s; hence the desorption of 1 mixture of HO and C}O containing HOCI. Earlier studiés
monolayer in 100 seconds would result in a partial pressure of have established that £ does not stick to or react directly
ca. 1x 10~8 mbar during the desorption. Despite the crudeness with the ice surface at temperatures in excess of 140 K; hence
of this calculation, we conservatively estimate our base sensitiv- this procedure results in the formation of an adsorbed layer of
ity to be at least 0.1% of a monolayer for most species studied HOCI. The RAIR spectrum of such a film at 145 K is shown
here. Thermal desorption spectra were obtained using a linearin Figure 1. Absorption bands at 2716, 1421, and 725%m
heating rate of ca. 1 K$. Multiple ion traces were obtained  are present in addition to those of ice and can readily be assigned
using 100 ms dwell and collect times on each ion signal, giving to the vOH, 6OH, andvOCI modes of HOCI, respectively.
a linear time-base resolution of ca. 1 s. RAIR spectra were These values are shifted from their gas-phase values as expected,
recorded at a resolution of 4 cthfrom the coaddition of 256 given that they are located in a strongly hydrogen bonded
double-sided interferograms. aqueous environment. Assignment of the bands has been
Reactant gases were either purchased in lecture bottles (HCldiscussed previoush2 This film was observed to be stable up
NO,, Cly) or synthesized immediately prior to use (CIONO to a temperature of ca. 160 K, where the onset of intact HOCI

Results
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Figure 3. lon traces resulting from the exposure of an HOCI/ice film to gaseous HCI at 145 K. The chlorine signal varies directly with the HCI
dose, indicating that it arises from the decomposition of HCI in the mass spectrometer and not from the surface (see text).
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Figure 4. Thermal desorption ion traces obtained when heating the HOCI/HCl/ice film from Figure 3 from 140 to 200 K, which clearly shows that
the ejection of molecular chlorine above 155 K is not accompanied by any HOCI release.

desorption was observed from the surface. Apart from water, been conjecturet? this loss of HOCI is due to reaction with
no species other than those expected for the fragmentation ofHs;O™(H,0),Cl~ to produce G, it should be possible to detect

IHO®CI (/e 35, 51, and 5%) were observed to accompany

this molecular chlorine by mass spectrometry. This can be

the desorption process in the mass spectrum. This behaviorachieved either by directly observing the ejection of i@lthe

concurs with that observed in earlier studies.

mass spectrum during dosing or by monitoring its subsequent

Exposure of a film of HOCI adsorbed upon ice to gaseous release in a thermal desorption experiment. Figure 3 shows a

HCI at 145 K resulted in the growth of infrared absorption

multiple ion trace obtained during exposure of the HOCl/ice

features due to the hydrated proton from HCI dissociation and film to an HCI dose of ca. 15 langmuirs (3 107 mbar, 60 s)

a diminution of the bands due to HOCI in the RAIR spectrum
(not shown). The loss of HOCI from the ice surface was
quantified by measuring the integrated intensity ofitté band

of HOCI, shown in Figure 2 as a function of HCI exposure in
langmuirs (1 langmuie= 1 x 1078 Torr s). If, as has previously

at 145 K. Dosing was initiated at the time indicatedTasAs

the signal due t8H35CI* rises (e 36), it is followed closely

by those due td°Cl,"™ (m/e 70) and water (monitored as the
overlap of the extremely intense;&" m/e 18 signal into the
m/e 19 channel of the mass spectrometer to avoid saturation of
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Figure 5. lon traces resulting from the exposure of an HOCl/ice film to gaseous HCI at 155 K. At long exposure times, the chlorine signal shows
an underlying trend that varies directly with the HCI dose as in Figure 3, indicated by the dotted line. However, the initial trace shows the ejection
of a significant amount of molecular chlorine.

the detector). These signals may arise either by direct ejectionas the temperature approaches 172 K, film disruption occurs
of the relevant species from the HOCI/ice surface, because ofand the entire film evaporates, liberating water and excess HCI.
contamination of the source gases, or by their formation in the As expected, in the presence of excess adsorbed, ionized HCI
ionization region of the mass spectrometer. In the case of water,there is clearly no trace of HOCI either at low temperature or
ejection from the surface is likely to be the dominant process upon film desorption.

because large water signals are always observed when pure ice To study the ejection of @Hirectly, an identical film of HOCI

films are exposed to HCI, most probably due to the localized adsorbed upon ice was exposed to ca. 60 langmuirs of gaseous
heating effect of the enthalpy of solvation of HCI to form ionic HCI (3 x 1077 mbar, 280 s) at 155 K. The trend in the ion
hydrates. Similarly, in the absence of any cold substrate in the signals during this exposure is shown in Figure 5. At long
vacuum system, a smafCl,™ signal is frequently observed in  exposure times, the underlying trend of the watel>Cl*, and

the mass spectrum of pure HCI (it is usually the main 3Cl,* traces is the same as at 145 K; that is, each trace responds
contaminant in lecture-bottle HCI). It therefore seems unlikely with the same profile. The main difference occurs in the first
that a significant proportion of molecular chlorine is ejected few seconds of dosing, where th#e 70 signal increases rapidly
from the surface at this temperature. This assertion is alsoas molecular Glis generated and ejected from the film surface.
supported by the fact that, with the exception of a small initial The dotted line in Figure 5 is an estimate of the underlying
blip in them/e 70 signal, all three signals show exactly the same trend of the signal, the behavior of which at long exposure times
intensity trends as a function of time. Under these conditions, appears to indicate saturation. The integrated intensity of the
then, the reaction products mostly remain on the surface andCl, signal beyond the estimated baseline corresponds within 15%
this experiment can therefore effectively be treated as a blankto the integrated intensity of the £dlesorption peak from the

for the higher temperature mass spectrometric measurementd45 K film. At 155 K, similar to the situation found for the

that follow. TPD of the lower temperature film, hydroxonium and chloride
If the temperature of the resulting film is raised from 145 K ion mobility is likely to be sufficiently large to enable the
in a thermal desorption experiment, the ejection of Gl reaction to consume all of the adsorbed HOCI. This is borne

observed, as shown in Figure 4. The temperature of the out by the RAIR difference spectrum shown in Figure 6, which
desorption maximum of theve 70 signal is ca. 155 K and is  was obtained from a ratio of the RAIR single beam spectra of
accompanied by a small increase in #°CI™ signal. This an HOCl/ice film before and after exposure to gaseous HCI.
desorption trace may result from Qbroduced in the lower  This clearly shows loss features due to HOCI and water,
temperature reaction which remains adsorbed upon the surfaceconsumed as the incoming HCI reacts to produg®HH,O);,
Additionally, since the reaction between dissociated HCI and for which growth features can be seen. When this film is
molecular HOCI requires that the species come into contact, arecooled to 140 K and submitted to a thermal desorption, there
contribution to this signal may come from the increased rate of is no evidence for either molecular chlorine or HOCI release.
surface or bulk diffusion of the reactants toward each other as Upon film disruption, only HCI and water are observed in
the temperature increases. It is well-known that both the significant quantities.

hydrated protons and chloride ions increase in mobility with  Reaction between CIONQ and Water. As described in
temperatur€%61and it is therefore possible that some delayed the Introduction to this paper, previous studies of the hetero-
(in temperature) reaction occurs only when ionic diffusion geneous hydrolysis of CIONCat the atmospherically relevant
speeds are sufficiently high to enable chloride ions to approachtemperature of 180 K have provided strong evidence for the
and react with adsorbed HOCI molecules. This assertion is intermediacy of an [HOCI]* ion*3 under conditions of extremely
supported by the coincidence betweenttiie 70 and 36 signal low water availability. In view of the fact that the subsequent
maxima, since the latter is often observed in the thermal hydrolysis of this species to produce gas-phase HOCI in the
desorption spectra of HCI films through the recombination of presence of excess water is rapid at 180 K, the reaction has
mobile kO™ and CI™ ions#” Figure 4 also demonstrates that, been studied at lower temperatures, using the mass spectrometer
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Figure 6. RAIR difference spectra obtained from the ratio of spectra before and after exposure to gaseous HCI (corresporifgata TT=
400 in Figure 5). Features due to HOCI (arrows) an@Hbss are evident, along with the growth of bands characteristic of ionized HCI hydrates.
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Figure 7. RAIR spectra of water and CIONG@ocondensed at 140 and 155 K. The most important difference between the two is the presence of
the vOH mode of HOCI at 2722 cm in the 140 K spectrum (arrow).

to highlight the retention or loss of specific species from the 140 and 155 K, these spectra are broadly similar to those
surface. These experiments are complementary to a series obbserved for exposure of ice ta8s, with water, hydroxonium,
recent Knudsen cell measurements by Rossi and co-wotkers. and nitrate ion features at ca. 3250, 1750, and 890'¢8000
Since the experiments discussed in the previous section suggesand 1750 cm?, and 1450, 1305, 1032, and 815 threspec-

that any HOCI produced can be retained in an adsorbed formtively.26:31.6263 These positions are summarized in Table 1.
by an ice film at temperatures below ca. 150 K, reactions were Many of these absorption bands show shifts and broadening
carried out at 140 and 155 K. Cocondensation of water and due to a wide range of solvation environments within the
CIONO, at pressures of 1x 1077 and 3 x 1078 mbar, condensed film, and as expected, the 155 K spectrum shows
respectively, resulted in the spectra shown in Figure 7. At both evidence of being more crystalline through #tdsO™ andoH,O
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TABLE 1: Infrared Band Positions (cm~1) and Assignments for Nitrate and Chlorine Hydrates, along with Literature Values

for Comparison®

Figure 7, Figure 7,

140 K 155K Figure 12, A Figure 12, D a-NAT2 NAT® HONO, HONO* HCI-6H,0? assignmerit
3430 3424 3430 3424
3330 v(H20)
3250 3203 3250
3150 v(OH)
1880 (sh) 1892  O(HgO4M)®"
1750 (br) 1744 (br) 1753 1753 1790 0(H30") (v4) nitrate and amorphous
1680 (br) 1657 O0(HzO%) (v4) nitrate, crystalline
1690 1682 O0(OH)
1635 (s) 1635  O(HsO") highly crystalline
1440 1450 1445 va(NO3~) amorphous
1395 (sh) 1393 1390 va(NO37) NAT (v3)
1351 1350 1370 va(NO3™) NAT (v3)
1335 1318 v(NOy)
1312 (sh) 1307 1304 (vw) 1278 v (NOs~) amorphous
1117 (br) 1131 1110 1130 O(Hz0™) (v2)
1042 (w) 1045 (w) 1041 (w) 1030 (br, w) v¢(NO3z™) NAT (v1)
880 (br) 914 0(H20)
965 965 0(HONOG,)
83— (sh) 830 (sh) 820 (w) 820 (s) 820 820 0op(NO37) (v2)
782 (w) 782 776 784  6(Hs0") (torsion)
772 778 O(NOy)

a Ritzhaupt and Devlin, ref 67.Koch et al., ref 91¢Horn et al., ref 629 Ritzhaupt and Devliflf mode labels in parenthesésSymbols: sh,
shoulder; br, broad; w, weak; s, strong.
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Figure 8. Thermal desorption ion traces observed when a 140 K CI@i©film (corresponding to the 140 K trace in Figure 7) is heated from
90 to 220 K. The HOCI desorption trace rate 52 is not correlated to thave 46 peak of NQ.

features in the 18001600 cnt?! region. No strong features feature at 2722 cri in the 140 K spectrum, which, by reference
attributable to molecular nitric acid are evident, which would to the preceding spectra, is attributable to the presence of
give rise to absorption bands at 1683, 1315, 965, and 778 molecular HOCI.

cm1,26.62,64.65 Similarly, there are no obvious strong absorption ~ This assignment is supported by the thermal desorption
features at 1734, 1300, 821, 786, and 710 mnwhich would profiles of such a film, shown in Figure 8, obtained by first
indicate the presence of significant amounts of adsorbed cooling the film to 90 K. This clearly shows the onset of the
molecular chlorine nitraté8 although the mass spectrometric desorption of a species witive 52 tHO®*CI) from ca. 150 K.
evidence suggests that there may be a trace of unreacted materig@ther species monitored in this thermal desorption experiment
trapped in the ice matrix (discussed below). When compared include3*CI* (m/e 35), NO;* (m/e 46), and waterrVe 19). As

to higher temperature cocondensation spectra, which showthe mixed film disrupts, these traces show the simultaneous
similar nitrate ion features, the feature previously attributed to desorption of water and a chlorine-containing species above ca.
H,OCI" at 1650 cn'6 86 also appears to be insignificant inthe 170 K. Thermal desorption from the 155 K film shows a rather
140 K spectrum. A significant amount of this species would different set of desorption profiles (Figure 9). In comparison
suggest that insufficient amounts of water were available during to the 140 K desorption profiles, there is an insignificant increase
film deposition, which is unlikely to be the case. A further inthem/e 52 signal at 155 K. At 170 K, the traces show the
important difference is the presence of a weak but distinct same desorption 6fCI™, NO,™, and water as before. However,
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Figure 10. lon traces obtained during cocondensation of CIQN@d water at 140 K. The use of a logarithmic scale shows that the mikei
trace is clearly correlated to the/e 46 trace characteristic of the fragmentation of CIQNThere is clearly no correlation with variations in the
m/e 19 trace used to monitor water, indicating that HOCI is not being ejected into the gas phase from the surface.

a secondary desorption at higher temperature is also observeddose. Increasing the water pressure at ca. 110 s does not affect

which we ascribe to a crystallinity effect in the residual nitric the HOCI signal, indicating that no additional HOCI is released

acid hydrate film, similar to that observed for theto S-NAT into the gas phase. However, this is not the case at 155 K,

transformation. where the!HO3SCI* signal clearly shows a component that
Further corroboration of this HOCI retention or ejection tracks the water profile exactly. This result explains the absence

phenomenon is obtained by monitoring the mass signals due toof HOCI in the 155 K thermal desorption, since any HOCI

water, NQ™, IHO®SCI*, and3®>Cl,* during simultaneous water ~ formed is directly released into the gas phase.

and CIONQ dosing at different temperatures, shown in Figures  Reaction between CIONQ and HzO*(H,O),ClI~. The

10 and 11. At 140 K (Figure 10), the signals due to NO reaction between gaseous CION&hd HCI was studied using

IHOBSCIT, and35Cl,™ follow the same profile over the entire  a film with an appreciable concentration of hydrated ionic HCI
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Figure 12. RAIR spectra resulting from the exposure of an ionic HCI hydrate film to gaseous Gl@N&constant pressure of>510-5> mbar
at 160 K: (A) pure HO*(H20),Cl~; (B) 25 s CIONQ; (C) additional 25 s CION@ (D) saturation ¢100 s total CIONG).

as a substrate. This film was formed by cocondensing HCI and 3300 cnt! band due to theOH modes of both KD and HO™-
water at partial pressures of 2 10~7 and 8 x 1077 mbar, (H20)n. At 160 K, this film is partially crystalline; this is
respectively, upon the gold substrate at 160 K for 250 s. The reflected in the spectrum, which shows structure in #@d
RAIR spectrum of the resulting film, shown in Figure 12, trace and 6OH bands and the onset of spectral perturbations intro-
A, exhibits features that are readily assigned to a semiamorphousduced by optical effects of the reflection geometry used to record
film of HCI hydrate of indeterminate stoichiometry. Band spectréef®

assignments for such a film have been discussed extensively in  The result of exposing this film to gaseous CION@&t a

the literature167 Of particular note, however, is the intense partial pressure of 5 1077 mbar was monitored using both
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Figure 13. lon traces obtained during the exposures described in Figure 12 for the key spgoiesH&I", NO,", CIO*, HOCI*, and C}*.

RAIRS and mass spectrometry. Traces B and C in Figure 12 a much lower level), but then falls with increasing dose time.
show the RAIR spectra obtained following CIONExposures Concomitantly, the other signals due to the CIONIDse rise.
of 40 and 60 s, while trace D shows the result of exposing the It can also be seen that the CIOp®@agmentation signals
film to CIONO, until no further spectral change occurred (i.e., achieve a much higher value than in dose 1, although the actual
saturation). The most obvious changes resulting from increasedpressure of gas admitted to the chamber is the same in all doses.
exposure are the growth of strong features at 3432, 3249, 1634,This behavior is much more marked in the third exposure, which
1369, 1131, and 820 crh. There are also clear changes in the shows a significantly reduceave 70 signal compared to the
prominent features at ca. 1750 and 900 ¢mssigned to water ~ CIONO, fragmentation signals. A clarification of this trend is
and the hydrated ¥D" ion. The majority of the features that  obtained by simply plotting theve 70 signals for each exposure
grow in with exposure are readily assigned to crystalline forms next to each other. If the underlying linear component is
of NAT and HCI hydrates by reference to published spec- neglected (since itis due to the fragmentation and recombination
tra336367 A sharp band is also present at 1635 ¢mwhich of CIONO;: see earlier), this trend is strongly reminiscent of a
may be assigned to absorption from a well-ordered proton in saturation curve.
an ion such as ¥D;" or H;03".%7” Band positions and ) _
assignments are also summarized in Table 1. Closer examinaPiscussion
tion of the 2700 cm! region (via absorption-difference spectra, Reaction between HOCI and HCI. The HOCI/HCI/HO
not shown) also indicates that there is no trace of the feature system measured here sheds further light onto the mechanisms
noted earlier due to molecular adsorbed HOCI at 2722%cm  whereby reactions occur in heterogeneous atmospheric systems
These spectra indicate therefore that the heterogeneous reactiopased upon water ice. It is clear from both earlier stifdies
of gas-phase CIONOwith condensed, hydrated HCI fims  and the infrared and mass spectrometric evidence presented here
results in the formation of condensed nitric acid hydrates as that molecular HOCI adsorbed upon the surface of water ice at
expected. low temperature is converted to &y reaction with HO*CI—.

Mass spectrometric monitoring of the gases present abovelt seems also apparent that the initial fate of the reaction product
the substrate surface during each CION®posure is shown  (i.e., release or continued adsorption) depends solely upon the

in Figure 13. In each case, a specific amount (pressuime) substrate temperature. It is also clear, since even the partial
of CIONO; was deposited onto the substrate surface. For the conversion of HOCI to Glat temperatures as low as 140 K is
first dose, a rapid rise in theve 70 signal due to®*Cl,* is accompanied by the formation of hydroxonium ion bands during

observed. This observation is accompanied by a more gradualthe reaction, that the reaction requires the HCl to be in a hydrated
rise in the3>ClT, NO,™, and3>CIO" signals due to the direct ionic form; that is, the reaction is between HOCI and Cl
ionization of the admitted CION£ which once again is  Similarly, the lack of evidence of HOCI desorption in the
confirmed by their identical profiles. Subsequent doses show thermal desorption traces from either the 145 or 155 K film in
similar behavior for these fragmentation components. However, the presence of excess HCI indicates that the reaction is very
the 3°Cl,™ signal rapidly decreases with cumulative exposure. efficient, even at these low temperatures. The fact that HOCI
In dose 2, which corresponds to the RAIR spectrum in Figure itself does not appear to form an ionic hydrate on water ice
12, trace B, than/e 70 signal again rises rapidly (although to surfaces (as we have observed previdifslg entirely consistent
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with the fact that HOCI is much less acidic than HCI and, if of crystallinity in the proton hydrate rather than,fBICI*] or
anything, is much more likely to be dechlorinated than depro- molecular HONQ.
tonated. Theoretical studies Support this piCtUre of HOCI In a manner similar to the @generated by the reaction of
molecular adsorption, with weak surface HOCI attachment HOCI with ionized HCI described above, the immediate fate
occurring via a number of hydrogen bonds at low tempera- of the other reaction product, HOCI, depends solely upon
tures®-’0 Direct HOCI desorption from the ice surface at substrate temperature: the HOCI formed from the hydrolysis
temperatures in the range 15060 K*? also indicates thatitis  reaction appears to be either retained on the surface (or in the
not strongly bound to solid ice (although the case may be very pulk) of the film or released into the gas phase. The critical
different for liquid water or sulfuric acid solutiori$where the temperature regime once again appears to be around the 150
bulk solubility may be appreciable amtsorptionmay occur) 160 K desorption temperature of HOCI. As before, this suggests
and is therefore unlikely to be present for significant periods of that any HOCI generated by the heterogeneous hydrolysis of
time at stratospheric temperatures. Drawing this evidence CIONO; is unlikely to stay bound to an ice surface at
together, it appears that the ice-catalyzed heterogeneous reactiostratospheric temperatures. Since the diffusion of HOCI into
between HOCI and HCI at stratospheric temperatures dependshe ice bulk at low temperatures is also likely to be small
on the presence of adsorbed @ns. The reaction then occurs  (comparable to that of $#0*Cl~ ~ 1075 m2 st @ 155 K'3),
when impinging HOCI molecules appear transiently at the the bulk of any ice crystal is unlikely to support a significant
surface, reacting with Clions in a manner reminiscent of the  concentration of HOCI either. This is borne out by the thermal
Eley-Rideal mechanism of surface reaction kineticgN.B. desorption profiles shown in Figures 8 and 9, which clearly
The Eley-Rideal reaction scheme technically only describes the show that all the HOCI formed desorbs before ca. 155 K (either
kinetics of monolayer surface reactions and is not directly directly or subsequently, depending upon experimental condi-
applicable to reactions on ice because the materials involvedtions) and that no further HOCI is released when the film
are not necessarily confined to a pure surface monolayer.)  disrupts. The origin of the chlorine-containing species in the
Reaction between CIONQ and Water. In agreement with mass spectra upon total film disruption could be due to one of
numerous other studies, the reaction of chlorine nitrate with several sources. The first possibility arises because of the
water ice at low temperatures clearly leads to the formation of method of deposition, which entails cocondensing ClQEa
HOCI, evidenced by its characteristic signature in the IR and H20. This gives rise not only to HOCI and nitric acid hydrate
mass spectra presented here. The infrared spectra resulting fronproducts but also to unreacted, trapped CIQN®s the water
an exposure of ice to CIONCclearly show the presence of ~Mmatrix breaks up, this material will be released (it is well above
hydrated HO* and NG~ ions at both temperatures. There are its normal desorption temperature), giving rise to thie 35
some subtle features due to crystallinity evident in the higher feature. A second, more likely possibility is that theée 35
temperature spectra, which tally with the observations of other signal arises because of the effect of the large water partial
studies. When nitric acid hydrates are at least partially Pressure that occurs upon film disruption (N.B. the peak
crystalline, the 18061600 cnt? region becomes rather com- Monitored ism/e 19, which is an overlapping channel to the
plicated. As discussed extensively by Ritzhaupt and Dé¥lin, truenve 18H,0 signal; the true water partial pressure in the
the species present may include an amorphous component alon§hamber during disruption isery large). This water pulse may
with the mono-, di-, and trihydrate of the nitrate ion. Some of Produce chlorine-containing species by reaction with residual
these species have reasonably characteristic proton hydratéontaminants in the vacuum chamber, particularly in the
deformation modes, but in general they are not sufficiently well ionization region of the mass spectrometer.
resolved for accurate assignment. However, itis clear that there Reaction between CIONQ and H3O"(H20),Cl~. In the
are no significant amounts of molecular HOpN@esent under reaction between gaseous CIOMN&nd the HCI-doped ice film,
these conditions, since the majority of the absorption bands a variety of interesting features are observed in the infrared
attributable to this species are absent. This is a significant pointspectra. First, an amorphous nitric acid hydrate forms (Figure
of dispute among workers in this area. Bianco and Hyhes 12, trace A) because of the plentiful availability of surface water.
have recently advocated an alternative assignment of theAs exposure continues, two distinct sets of features are observed
vibrational features present in spectra obtained in an earlier studyin addition to the underlying ice and amorphous HCI hydrate
of CIONG; reaction and hydrolysis by Sodeau et8in which features. First, the characteristic absorption bands of a highly
the formation of an [HOCI*] ion is suggested at high temper- ordered proton hydrate are seen at 3430, 1880, 1307, and 782
atures (180 K) and low water availability, suggesting that a cm™®. By comparison to the work of Ritzhaupt and Devlin,
strong feature at ca. 1650 ctnbe assigned to the OH these features are assigned to the hexahydrate of HCI. This
deformation of molecular HON© However, this assignment  transformation from amorphous HCI hydrate to a crystalline
is not supported by the spectra presented by Sodeau et al. fohexahydrate is due to the consumption of a proportion of the
the reasons stated above: for molecular HQN®Dbe present, Cl~ ions close to the surface with a concomitant reduction in
a number of its other absorption features would be identifiable the CI/H,O ratio. Accompanying the growth of these features
(with appropriate relative intensiti@$?). Furthermore, we have  are absorption bands duedeNAT at 3424, 3250, 1753, 1395,
recently reinvestigated the low-temperaturd 40 K) hydrolysis ~ 1131, and 820 cmt (note that the absorption wavenumbers
of CIONG; under conditions of reduced water availability and observed here are closer to those observed in other experiments

have observed the features of molecular HQN@ectly 22 In using the RAIRS configurations because of band shifts and
this low-temperature study in the presence of excess water, thedistortions caused by the underlying metal and ice substrates).
absence of spectral features attributable to th@fEt*] ion is Once again, there is no evidence for the formation of molecular

as expected, since this species undergoes rapid hydrolysis tdlitric acid, even though the conditions produce a very low
produce HOCI (N.B., a time delay before its ejection, such as surface water availability.

that observed by Rossi et &.would not be observed upon the The mass spectrometric measurements accompanying the
time scale of these measurements). For this reason, we assiginfrared spectra confirm the generation 05.Clt can be clearly

the weak 1657 cmt feature in Figure 7 (Table 1) to the effect seen from Figures 13 and 14 that a large amount of chlorine is
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generated and released from the surface.
production of chlorine is instantaneous upon CIGN®posure

Furthermore, thenitronium nitrate, NG*NO3™, at temperatures in excess of 120
K. RAIR and temperature-programmed infrared spectra of ice/
and saturates as the amount of surfacei€lused up. This is N2Os layers and cocondensed mixtures indicate that when
corroborated by the behavior of theée 46 signal characteristic ~ condensed in either its molecular form or its fully ionized form,
of CIONO,, which shows that increasingly large amounts of N,Os does not react directly with water i€&87> This experi-
material are directly scattered from the surface without reaction mental evidence appears to suggest that, in order for reaction
as the depletion of surface Cincreases. These observations to occur, NOs and water have to approach each other at exactly
support a direct reaction between incoming, gaseous CKONO the moment that ionization starts to occur. We have suggested
and surface chloride. The absence of any HOCI in the masspreviously that this reaction proceeds at large water excess via
spectra indicates that the indirect hydrolysis route does nota protonated nitric acid intermediate (essentially a complex
appear to be favored. This is unsurprising, given the greater between N@" and HO) to produce two EO* and two NQ~
effectiveness of Cl as a nucleophile compared to®L ions#3 It seems reasonable to conclude therefore that it is the
Reaction Mechanisms. These observations support the procesf ionization which contributes to the reactivity opG%
conjecture that the direct reaction qfreadsorbedHOCI with water.
(resulting either from direct adsorption or from the CIONO When deposited as a thin film at temperatures approaching
hydrolysis reaction) with any other surface species is unlikely 180 K, CIONG has been observed to spontaneously ionize to
to play a significant role in the atmospheric chemistry of pure produce CINOs;~.%6 The paradoxical kD/CIONG, reactivity
water ice particles at temperatures prevailing in the stratosphereis then resolved if the reaction that is observed is actually
because any HOCI formed from CION@ydrolysis will be between water and CINOg°~, i.e. with CIONG in the process
released promptly back into the gas phase. The heterogeneousf ionizing, producing [HOCI*] and NG~ ions as previously
reactions of HOCI are therefore most likely to occur when gas- described when only a small amount of water is available. The
phase HOCI impinges upon an appropriate reaction surface. increased reactivity toward ice observed in this system is then
The reaction mechanism of CION@ith a water ice surface  due to the increased electrophilicity of the slightly positively
appears to be controlled by the relative nucleophile/electrophile charged chlorine atom rather that the nucleophilicity of water.
strengths of the species involved. However, as a result of anThis incidentally also helps to explain the reactivity of CIONO
ab initio modeling study, it has been recently suggested by toward organic liquids as observed by Hansbmherein an
Hynes et af4 that water itself is too weak an electrophile to alternative, more reactive form of CION@an be formed in
attack CIONQ directly. If this is the case, then chlorine nitrate the absence of water. The tendency of CIQN@dissociate
hydrolysis, like the direct hydrolysis of HOCI or its reaction along the C+O bond is supported by numerous experimental
with molecular HCI, should be unfavorable. The solution to and theoretical studies of the bond strengths and polarizabilities
this paradox comes from an examination of earlier spectroscopicof CIONG,,””~7® which suggest that the €I0 bond is long,
studies of both MOs and CIONQ hydrolysis upon ice. When  weak, and easily polarized positively at the chlorine end.
N2Os is adsorbed as a thin solid film on any cold substrate, it A far more likely scenario in the atmospheric chemistry of a
forms as a covalent molecular layer at low temperatures and asCIONO, molecule than that of direct hydrolysis is that it will
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impinge upon a particle which is coated with chloride ions. In  HCI (both HLO and HCI achieve significant concentrations in
the final series of experiments presented here, further corrobora-the cold polar stratosphere) will produce new reaction sites.
tion of a partially ionization precursor mechanism is obtained Further perturbation may occur because of surface-to-bulk
from the high reactivity between gaseous CIONMDd adsorbed  diffusion. At these low temperatures, the diffusion of the
Cl~. Flow tube studies of chlorine nitrate hydrolysis by ice reaction products into the bulk is not likely to be rapid.
indicate that a certain time delay occurs before the release ofHowever, at 200 K, there is likely to be significant mobility.
HOCI from the surface. If, as has been suggested by RossiThis may affect the ability of the surface to clean itself by for
and co-worker§? this delay is due to the formation and example removing nitrate ions into the bulk and also to replace
subsequent hydrolysis of the {8CI*] ion, then a delay should  HCI and water at the surface from the bulk. The rates of
not be observed when CIONQeacts with Ct ions because  diffusion as a function of temperature and substrate composition
the desorbing species J6 formed directly from the reaction.  are not well quantified for any of the materials described here.
H3O™ is already present upon the surface as the partner ion of When the substrate is sulfuric acid, a rather different set of
ClI—, and reaction occurs between the partially ionized CIQNO reactions may occur. Recent work by Donaldson ét alas

and CI to yield gaseous Gland adsorbed N§. The direct explored the detailed chemistry that can occur when strong acids
reaction of CIONQ@ with adsorbed Cl ions has also been (capable of protonating HOCI) are present, suggesting that the
recently observed in SIMS measurements by Donsig ®t . formation of the [HOCI'] ion may participate in the hetero-
The results presented in this paper (and the observations fromgeneous chemistry of HOCI in and on sulfuric acid partiéles.
many other studies referred to above) are clearly commensurateThis may extend the lifetime of this species and enable it to
with this mechanism, since prompt &mission is observed at  react directly with species other than water. This may entirely
temperatures in excess of 155 K. Furthermore, many different change the product branching ratios of surface reactions and
experimental techniques have shown that the reactive stickingenable reactions to occur both on and within particles. The
probability of CIONG on HCI-doped ice falls rapidly as the rate of transfer from the surface to the bulk, combined with the
surface becomes depleted of HCI {Tland poisoned by the rate coefficients for the reactions (quantified in the form of the
newly formed nitric acid hydrates. It is this effect that gives reactodiffusive lengt#¥) may enable accurate prediction of the
rise to the saturation behavior presented in Figure 14. Theseeffect and importance of internal and external reactions in
nitric acid hydrates are sufficiently well bound to their solvation various parts of the atmosphere.

shell to prevent the hydrolysis of further CIOM(n accordance What is clear from this and other mechanistic studies of
with estab_hs_hed reaction rates for the hydrolysis Of CIGNO heterogeneous stratospheric reactions is that particle surface
on NAT-mimics with varying amounts of wafér®®), while the  composition, strongly influenced by ambient partial pressures,

lack of CI~ prevents direct reaction. This kind of behavior is  temperature, and relative humidity, is fundamental in determin-
also observed when CIONOsticks to deliquescent NaCl ing the reaction pathways that lead to the generation of ozone-
aerosols, showing saturation as the available chloride ions aredepleting species. A transition between particle compositions
used ug”’ From a thermodynamic point of view, the energetics clearly engenders different reactivities and chemistry, since in
of attachment of both Cl atoms andClo CIONG; in gas- water-rich, low-temperature conditions, hydrolysis will prevail,
phase studies are also favorable to this direct reaction mechawhile higher temperatures will favor direct hydrated-ion reac-
nism8889 Adsorption of CIONQ (albeit transient) appears to  tions. The investigation of such mechanistic effects upon other
permit CHO bond polarization in the water-rich environment species of interest such as BrON®IOBr, BrCl, and HBr is

of the surface and to thereby facilitate reaction with neighboring required for deeper understanding. Similarly, the tendency of

ClI~ ions. atmospheric species toward partial ionization upon adsorption
at the temperatures prevalent in the atmosphere remains
Conclusions relatively unexplored, but may be paramount in determining

. . the efficiency of many important reactions.
This work demonstrates that the heterogeneous reactions of
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