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The interaction of ozone with ice films under high vacuum was studied with single reflection Fourier transform
infrared spectroscopy (incidence angle &j.3Both amorphous and crystalline ice were investigated. On
amorphous ice which has a high density of free surface OH groups two states of ozone were observed: one
which forms a hydrogen bond with the ice surface of the micropores, and a second which is attributed to a
physisorbed state. Only the latter state is observed on the crystalline ice surface. When chemisorbed ozone
is covered by an amorphous film, a temperature increase above 60 K leads to diffusion (with a weak yield)
of ozone in the water lattice. Absorbed ozone remains in the ice bulk until sublimation of the ice film near
155 K.

I. Introduction crystalline surface. The temperature increase of amorphous water
es:andwich layers shows that a small amount of ozone remains

During the past decade, several studies have used temperatur ih the bulk and desorbs only when water sublimes.

programmed spectroscopy and vibrational spectroscop$

to characterize the interaction of specific atmospheric species _ )
with a water ice surface. Interest in the subject was mainly !l Experimental Section
motivated by the role of stratospheric heterogeneous chemistry
in polar stratospheric clouds, which plays an important role in
polar ozone depletion. Reflectierabsorption IR spectroscopy
(RAIRS) is a powerful method for studying reactivity at surfaces
and in the ice bulk. However, it needs ultrathin ice films under
UHYV in order to investigate both surface and bulk phenomena
with a low sublimation rate of the film&. Although these
conditions are not quite the same as those encountered in polal
stratospheric clouds of type Il consisting of ice which condenses
below 187 K, the fundamental bands of molecules adsorbed on
the surface or absorbed within ice multilayers can provide
information about direct surface/adsorbate interaction as well
as about the structural nature of the multilayers, with the
possibility of identifying intermediates and reaction products.
As for examples, RAIRS has been used to study the interactions
of HCI,8 10 HBr, HI,2° N,Os,%11 CIONO,,*?3and CHCOCH;

with ice as well as their photochemical behaviors in the
condensed phasgs of,0l, ChbO,!®, and OCIO6 I_:urther_more, with liquid nitrogen.
results can be of interest for the surface chemistry of ice and of . . . _
molecular solids in particular in astrophysics where water ice _'Nitially, 0zone was directly deposited at low pressure {10

is most abundant in celestial bodies such as comets, satellited'P@r) via a capillary. However, results showed that only part
of the outer planets, and icy ring particles. of the ozone was condensed on the substrate, the other part

This paper presents the first spectroscopic characterizationconde?s'ng very SLOWE’ over ?e\aeral hott”s after the gate valve
of neat ozone (amorphous and crystalline phases) and of ozondVas closed. On the asis of these observations, ozone was
adsorbed on ice films deposited on a side of a gold plated cube.°deposited above 30 K with helium as carrier gas, a technique
Interaction of ozone with a water ice surface was studied on that prevented the above effect. The initial mixture was typically

two types of ices: amorphous ice deposited from water vapor O/ He = 1/_25 Wit_h a total_pressu_re of helium of 150 Iorr. Gas
below 100 K and crystalline ice deposited from water vapor at V&S d?POS“Ed via a capillary with a rate qf s mmo firhe

155 K then cooled at 55 K. We give evidence for two distinct dgposmon nozzle parameters were 1 mm inner dlametgr and a
states of ozone on an amorphous ice surface: a physisorbedj'Stance of 20 mm from the cold substrate. Using two sides (at

state and a chemisorbed state related to ozone trapped in th 80) of our rotatable gold cube substrate, it was possib_le, in
micropores. Only the physisorbed state is observed on a€ach experiment, to compare the spectrum of ozone dlrecFIy
deposited on the substrate and the spectrum of ozone deposited

*To whom correspondence should be addressed. on water ice in the same experimental conditions. Care was
* Laboratoire Associé I'Université P. et M. Curie. taken (with proper collimation of the pulsed nozzle beam and
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The experiments were performed using a rotatable closed
cycle helium refrigerator (Air Product, Displex 202 A), which
was pumped continuously (10 mbar background pressure
range). Thin films of ice were produced upon a thermostated
gold side of a substrate cube. The temperature of the metal
substrate (10 to 170 K) was controlled by a silicon diode
FScientific Instruments 960601). Water was deionized, triply
distilled, and then degassed by freeteaw cycles under
vacuum before use. Water layers were grown from water vapor
via a capillary connected to a pulsed dosing system, which
provides pulses of gas during 2 ms at a frequency of one pulse
per two seconds leading to a deposition rate of aboxtlD—3
mmol 1. Typical ice films thicknesses were less than 500 nm.
Ozone was prepared from natural oxygen (Air Liquide N50)
contained in a glass vacuum finger excited by a Tesla coil
discharge with trapping of ozone at liquid nitrogen temperature.
Residual oxygen was removed by freezimp—thaw cycles
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- due to non-hydrogen-bonded OH of ice clusters of different
sizes. Amorphous, low-density ice is characterized by a well
reproduciblevoy band at about 3250 cri In our configuration,

i due perhaps to reorientation effects, dangling bands at 3699
cm~1 characterizing the surfat®&®? are not observed. Above

L 150 K, thevon band is characterized by two bands measured at
about 3200 and 3130 crh with a shoulder at 3380 cm
indicating that some parts of the films staylas

Two important observations were made and deserve attention.
Gradual transformation of high-density amorphous ice deposited
- at 11 K into low-density amorphous ice from 40 to 70 K is
O A accompanied by an enhancement in the intensity ofvthe
Wavenumber cm’ coupled band due to disappearance of disorder and formation
Figure 1. Typical infrared OH- stretching spectra of water ice films ~ of OH---O bonds. Transition time for complete transformation
deposited on a gold cube at different temperatures: (a) deposition atdepends on the morphology and initial thickness of the high-
11 K (high-density amorphous ice), (b) deposition at 70 K (low-density gensity ice film. An increase in intensity of they band was
amorphous ice), (c) deposition at 155 K (crystalline ice). also observed when helium or pure ozone were deposited on
blank (Q; without H,O) on one side and the sample to be studied the degree of porosity and the defects of the bulk. New vacancies
(0zone on ice) on the other side. The infrared measurementscan be formed and density of water ice decreases.
were made in the reflection/absorption geometry with an 2. Neat Solid Ozone.Only one earlier study of the IR
incidence angle of Gto the surface normal using a Bruker 113v  spectrum of solid ozone deposited at 30 K has been reported
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spectrometer. Spectra were recorded at 0.5 and2 nominal briefly by P. Brosset et al. as part of their studies afiinert
resolutions from co-addition of 100 interferograms. matrices®® Thewvs; asymmetric stretching mode, the most intense,

was characterized by a broad band of full width at half-
[ll. Results and Discussion maximum (fwhm) of 10.2 cm! centered at 1037.0 cth The

v, bending mode and the, symmetric stretching mode were
plocated at 703.9 and 1108.8 chn respectively. In fact, the
spectrum of solid ozone is dependent on deposition techniques,
the temperature, and the history of the sample as illustrated in

1. Water Ice Films. From electron diffraction, Jenniskéfs
showed that, at low pressure and temperature, water ice, whic
is formed by vapor deposition, exists in three metastable
amorphous forms and two crystalline forms. Below 30 K, ice “| - ; § .
forms a high-density amorphous form{ 1.1 g cn3) which F|gure__2 in thevs and v, regions of ozone for: (i) fast direct
evolves gradually into a low-density amorphous fotgy 0.94 dgposmon of ozone at 11 K; (ii) dep_osmon of an ozone/_ar_gon
g cnm3) over the 38 to 68 K temperature range. Above 130 K, mixture at 20 K_ followed by annealing at 40 K for _o_btamlng
ice forms another amorphous phasg)(which coexists with ozone Iay_ers w_|th all argon evaporated; (iii) depos_mon of an
the cubic crystalline form up to 200 K. The recrystallization of ©Zone/helium mixture at 30 K (a temperature preventing trapping

cubic to hexagonal ice occurs above 200 K when a gradual 1 K of He) or slow direc‘F deposition of ozone; (iv) direct deposition
min—1 warming after deposition at 15 K is performed. Amor- ©f 0Zone, ozone/helium, or ozone/argon mixtures at 55 K. When

phous ice below 100 K is very porous. In particular, the term ©ZOne is deposited rapidly at 11 K or with argon as carrier gas
“high density” ice refers to the compact bulk density of ice. In @t 40 K, thevs band is similar to that described in ref 33. It
the presence of micropores, the density changes and can reacAPPears as a broad band located at 1037 T evith a shoulder
values less than 0.75 g ci® Thus, vapor deposited ice may ~at 1043.0 cm* (fwhm = 9.1 cn?). At 55 K whatever the
reach a specific surface area of the order of 28@TH.20 Studies deposition technique, the; mode appears as a very narrow

of N> and Ar adsorption measurements at 77 and 87 K showed /ine (fwhm= 1.4 cn) located at 1026.9 cn with two weak
a porous structure of ice with a wide pore size distribution (10 Satellites to 1048.0 and 1054.4 cthBetween 30 and 55 K,

A to 30 A of radius) depending on both temperature and the deposition of @with_ He as carrier gas (or directly deposited)
condensation rai. Recently, by X-ray diffraction of krypton ~ !€ads to an asymmetrical band centered at 10273 evith a
layers on the amorphous ice formed by vapor deposition in the sh_oulder toward hlgh_ frequencies. These observations give
13-45 K temperature range, micropores with a diameter of 15 €vidence for the existence of two phases of ozone: an
A-20 A, and a volume of 0.045 chy~! were founc?? amorphous phase characterized by a breathand at about
Numerous infrared spectroscopic studies have been reportedl037.1 cmt* and a crystalline phase characterized by a narrow
in order to investigate the structural differences of the various Pand centered at 1026.9 cfn
water ice forms. Transmission mode was #8etf as well as Assignment of the two satellite bands observed at 1054.4 and
reflection absorption at grazing incidence argjlé? With our 1048.0 cmt in the crystalline ozone is not straightforward. Their
actual configuration (Fourier transform infrared reflection with relative intensities in regard to the 1027.7 ¢nabsorption
an incidence angle of°} due to the metal surface selection varied, in some cases, from one spectrum to another but showed
rules, only the transversal optical mode with a transition dipole the same behavior as the 1027.7-¢érband when temperature
moment parallel at the surface can be exc#ed. thorough was increased indicating that they belong to a species containing
description of water absorption including characterization of at least one ozone molecule. These features are not due to
multilayers phases under our experimental conditions appearsaggregates between ozone and,G&lways present as traces
elsewheré! Figure 1 compares some typical spectra of water in our spectra) as probed by subsequent experiments in which
in thevoy region obtained at different deposition temperatures. CO, was added to ozone. It could be suggested that the
Thin films of high-density amorphous ice at 11 K show absorptions at 1054.4 and 1048.0 ¢nbelong to clusters of
submaxima, whose number and frequencies depend on deposiezone formed in the gas phase. Ozone aggregates have not been
tion conditions, and narrow bands between 3670 and 3708 cm yet identified in gas phase. In oxygen matrix, the ozone dimer
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Figure 2. FTIR spectra of condensed films of ozone deposited on a gold substrate under various conditions: (a) deposition of pure ozone at 11
K, (b) deposition of an ozone-argon mixturez(@ = 1/50) at 20 K followed by annealing at 40 K, (c) deposition of an ozone-helium mixture at
30 K (Os/He = 1/20), (d) deposition at 55 K of pure ozone or ozone with a carrier gas.

TABLE 1: Comparison with Gas Phase of Observed Vibration Frequenciesyin cm™1) and Full Width at Half-Maximum
(fwhm in cm~1) for Amorphous Ozone, Crystalline Ozone, and Ozone Trapped in Nitrogen Matrix

ozone in gas amorphous ozone crystalline ozone ozone imaltix
v v fwhm v fwhm v fwhm
v1 (A1) 1103.2 1106.1 5.8 1107.1 3.8 1108.3 0.5
v2 (A1) 700.9 703.5 4.6 707.6 0.5 7042 1.1
v3 (B1) 1042.2 1037.1 9.1 1026.9 1.4 1042.8 0.4
v+ v 2110.7 2110.1 114 2108.6 9.3 21171 1.4
33 3046.F 3033.9 3.4 3051#% 0.9

2 Reference 36° Reference 33.
is characterized in thes; region by two bands, one the most

ozone remained up to 50 K as a broad shoulder of the crystalline

intense, at higher frequency than the monomer band, the otherozonev; absorption then sublimated at 55 K without exhibiting

one at lower frequency; higher ozone aggregates produceda significant gradual transformation of amorphous to crystalline
absorptions blue shifted by 6 cthfrom monomer ban& In ozone. Crystalline ozone sublimated at higher temperature from
solid ozone the large blue shift of the satellite bands from the 61 to 68 K. Kinetic studies of the desorption of crystalline ozone
characteristic band of amorphous ozone (wavenumbers highemwere performed at 61, 62, 63, and 65 K. A zero order expression
than the value of ozone monomer in gas phase) poses a problemvas in agreement with the data as shown in Figure 3A. Such a

and the assumption that bands at 1054.4 and 104878 are

kinetic order are generally observed for sublimation of a three-

due to condensed ozone clusters is very problematic. Hence atlimensional phask? The logarithm of the sublimation rates

this stage, no firm argument allows us to identify these satellite
bands.

varied linearly with reciprocal temperature (Figure 3B) and the
activation energy for sublimation of neat crystalline ozone was

Table 1 compares the frequencies of amorphous and crystal-deduced from the slope of such a plot. We deternfine,pto

line solid ozone with frequencies of ozone isolated in a nitrogen
matrix and in gas phase. The band characteristic oftlmode
is similar for amorphous and crystalline solid ozong €
1106.1 cmi?l, fwhm = 5.8 cnt?l), while for thev, mode the
peak for amorphous ice is located at 703.5 ¢mwith a fwhm
of 4.6 cnt! and the corresponding band for crystalline ozone
appears as a narrow feature (fwha0.5 cnm?) located at 707.6
cm L. The (1 + v3) combination was observed at about 2109
cm ~1 for all the samples. The13 mode was observed as a
sharp band at 3033.9 cnt only in crystalline ozone. The ratio
of va/volv, was found to be 100/1.7/0.45 in amorphous ozone
and 100/5.1/2.9 in crystalline ozone indicating that the crystal-
linity of ozone was also producing by a pronounced change in
the relative intensity of individual absorptions bands. The
intensity ratios differ from those observed in the gas p¥iSe
(valvolvy = 100/ 4.2/ 3.8) and in argon or nitrogen matrices
(valvalv, = 100/ 0.54/ 7.75%8

Above 40 K, the lower subcomponent of the amorphous
ozonevs band disappeared but a contribution from amorphous

be (234 2.0) kJ mof?,

3. Interaction of Crystalline Ozone with Water Surfaces.
Figure 4 shows typical spectra obtained by exposing a thin ice
film at 55 K to increasing amounts of ozone. At this temperature,
ozone exists as crystalline form. At very low surface coverage,
there are two bands of approximately equal intensity observed
in the v3 region of ozone. One band is at 1027.8¢rand the
other one at 1033.7 cmh. They characterize two states of ozone
on the surface designated byO3; andO3 respectively. In the
von region of water, the broad coupledy band increases in
intensity and a new band appears at 3641.0%cri#hen the
surface coverage is increased, the 1033.7camd the 3641.0
cm~1 bands grow in concert, except for subsequent higher
exposures of ozone, they keep the same intensity and only the
1027.8 cn1! grows indicating formation of ozone multilayers
which overlap thex state of ozone. Further experiments showed
that the yield of3 ozone depended on the ice morphology and
on the deposition temperature. When ozone was deposited below
40 K, the 3641.0 cmt feature associated wiih ozone did not
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Figure 3. (A) kinetic curves for pure ozone desorption at 61, 62, 63, and 65 K. The integrated intensitywgbtteme band is plotted versus time
for each temperature. (B) Arrhenius plots ofkngersus 1T. The rate constarit is extracted from the slopes of the curves in Figure 3A.
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Figure 4. IR spectra at 55 K in theon region of water and in thes region of ozone obtained after exposing a water film to the same pressure
of ozone during different times (a) 0, (b) 12, (c) 20, (d) 25, and (e) 30 minv§#8and of ozone).

appear in thevoy region and only the asymmetric band of the presence of free OH groups at the ice surface and
amorphous ozone was observed in theegion of ozone. At intermolecular forces betweens@nd the smooth surface are
60 K when amorphous ice was more ordered and less porousquite weak as one might expect from the structure of the one to
the two associated bands at 3641.0 and 10337 evere very one complex betweeng@nd HO isolated in an argon matfk
weak and when ozone was deposited on crystalline ice, theand in the gas phasé.In solid argon, the 1:1 complex is
spectrum was a single superposition of the corresponding characterized by a blue shift of 3.3 chin the v3 absorption
crystalline Q and water spectra. of ozone and a red shift of 8 crhin the vz absorption of water.
These results show thatozone is derived from a physisorbed Interaction occurs mainly by bonding between the oxygen atom
state, while3 ozone is derived from a molecular adsorbed state of the water molecule and an oxygen atom of ozone. However,
due to interaction between ozone and a free OH bond,{D,H  force field calculations indicate a non equivalence of the two
which is shifted to 3641.0 cmi at 55 K. The frequency of the ~ OH water oscillators suggesting an orientation allowing a very
v3 stretch inB ozone is 7 cm! below that in condensed ozone weak hydrogen bond of the type HOHDs. These results were
consistent with hydrogen bonding formation. Thezone state confirmed by microwave studies associated with ab initio
results probably from trapping of ozone in the micropores of calculationg® which showed that water and the central oxygen
amorphous ice, for two reasons: (i) on a crystalline ice film in atom of ozone were located in tlzc plane of the complex
which all pores are collapsed, no contribution of a perturbed with a hydrogen atom oriented toward the terminal O atom of
free OH bond (expected to form at the corresponding surface) ozone establishing a very weak hydrogen bonding leading to a
is observed, and (ii) thg Os yield depends on the porosity of  stabilization energy of 0.7 kcal mdl. From these earlier
amorphous films and requires a temperature higher than 35 Kstudies’”%8it seems reasonable to consider that orientation of
to be formed. Conversely, the state appears independent of a ozone on the smooth ice surface is nearly similar to that
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Figure 5. Annealing effects on the; band of ozone after deposition . Wa.venu.mber on ) .
at 55 K of ozone on a water ice surface: (a) after deposition at 55 K; Figure 6. Spectral changes with time at 63 K in theregion of ozone
(b), (c), (d), and (e) after annealing at 63, 65, 67, and 70 K, respectively. after deposition of ozone at 63 K on a water ice surface: (a) 0, (b) 20,
(c) 26, (d) 33, (e) 38, (f) 40, and (g) 180 min.
observed in the 1:1 #:0; complex. Thus, ozone interacts

Weak]y with oxygen atoms of water and not with the OH ﬁ, a states and mUItilayerS of ozone and the weakness of the
dangling bands of the geometrical surface. associated OH bond at 3641.0 chit was not possible to obtain

A different situation occurs when ozone is trapped in sites Kinetic curves and hence to determine accurately the activation

of the bulk associated with pores in the lattice, this trapping €nergy or the desorption of thfeanda states of ozone.
occurring from diffusion ofa. 0zone above 35 K. Because of In the second set of experiments, a sample of multilayers of
cooperative factors created by water molecules surroundingozone deposited on a water film was kept at 63 K during several
ozone, the hydrogen bond betweeny @nd water can be  hours. Afte 1 h the major part of the ozone was desorbed but
reinforced and better oriented. In argon matrix, higher aggregates(Figure 6) an asymmetric weak band remained at 10332 cm
than the 1:1 HO:0; complex were also identified by shifts in  without a counterpart at 3641.0 cfin the voy region. This

the infrared absorption of watéf.In the HO:(0s), complex, band diminished with a temperature increase but it disappeared
the v3 asymmetric stretching of water was red shifted by 30 totally only at 150 K. Although the frequency of this band is
cm~1and in large excess of water an absorption at 3620'cm  close to that characterizing tlfestate of ozone at the surface
was observed in thes region of water. Thus, the frequency of of micropores, it cannot be assigned to this species, which is
water OH bond complexed by ozone in the por8sogone) desorbed at 70 K but rather to ozone trapped in the bulk. In
located at 3641 crt is in agreement with formation of an  this experiment, migration of ozone from the surface into the
hydrogen bond between ozone and a water molecule coordinatedilm, which occurs above 60 K, is in competition with
to three other water molecules. desorption.

To gain insight into the nature of the interaction between A third set of experiments which consisted of a study of the
ozone and water and into the possibility of migration of ozone evolution of “amorphous water sandwich layers” with temper-
in the bulk, three sets of experiments were performed for testing ature confirmed the thermal diffusion of ozone in the bulk due
temperature effects on ozone deposited on water. In the firstto defects and inhomogeneities in the bulk as well as the
set, the temperature of a sample contairfirayone and ozone insertion of ozone in the water lattice. Sandwich layers were
overlapped with condensed ozone was increased from 55 to 70formed by absorbing ©on a water ice film at 60 K then
K at a rate 62 K min~1. As illustrated in Figure 5, condensed  depositing a second water film on top of the ozone layer. As
ozone ang3 ozone desorbed for temperatures above 63 K but illustrated in Figure 7A when the second film of water was
with a larger yield for condensed ozone between 63 and 65 K deposited on ozone, drastic changes occurred: the 36344 cm
indicating a slightly higher activation energy fgt ozone band increased, while the narrow band at 1027.7 'cahar-
desorption than for condensed ozone, a behavior consistent withacteristic of condensed crystalline ozone transformed into a
a process involving scission of the hydrogen bond between broad band at 1033.8 crh . After a night at the same
ozone and an OH bond in water. At 70 Kozone was totally temperature (60 K), only the band at 1033.8¢énwvas observed
desorbed as indicated by the disappearance of the 10337 cm with, in parallel, a weak decrease in intensity of the OH
band with in parallel that of the 3641.0 cin(not represented).  associated feature. At this stage, the film was annealed at 168
Unfortunately, due to the overlap of bands characterizing the K at a rate 65 K min~! and successive spectra were recorded
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Figure 7. [A] IR spectra in the 38062800 cm* and in 1086-980 cnmt regions for (a) pure water ice film deposited at 60 K, (b) water film
exposed to ozone at 60 K, (c) film (b) after deposition of a second water layer at 60 K, (d) film (c) after a night at 60 K. [B] Spectral changes with
temperature of the sample (d) (d) 60K, (e) 75 K, (f) 100 K, (g) 130 K, (h) 140 K, (i) 150 K, (j) 155 K, (k) 158 K, (I) 160 K, (m) 162 K, (n) 168

K.

at approximativet 5 K intervals. For each temperature step the decrease in intensity of the perturbed dangling band at 3634.4
samples were kept during 6 min and no change was observedcm™?. This latter band disappeared at 100 K while the band of
Some representative spectra in thg water and in the’s ozone ozone remained unchanged from 100 to 130 K. At 140 K, the
region are given in Figure 7B. From 60 to 75 K, no change ozone absorption diminished again and disappeared at 168 K.
was observed. From 80 to 100K, a decrease in intensity of theIn the 156-168 K temperature range, tlhg0zone band became
1033.8 cm! absorption was observed with, in parallel, a more symmetric, it shifted to 1032.8 chand its disappearance
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stratospheric conditions, ozone is not transported to water ice
and hence it cannot react with other adsorbed species.

Conclusions

Infrared spectra of solid ozone and ozone deposited on
amorphous and crystalline water ice surfaces are reported. Two
distinct states of ozone at the ice surface have been chatacter-
ized: a physisorbed state {@ state) and a chemisorbed state
(O3 B state) that is unique to amorphous ice. The spectral
properties of thex ozone state are those of pure ozone. Bhe
state which is associated with ozone interacting with the hydrate
surface of micropores via a hydrogen bond is characterized by
two bands located at 3641.0 cfnat 55 K in thevoy water
region and at 1033.8 cmin thevz ozone region. Above 60 K,
there is a weak incorporation of ozone into the lattice structure
from a pathway involving th@ state. Ozone which remains in
the lattice until sublimation of the ice film near 155 K is
characterized by a band at 1032.8 ¢mwithout a counterpart
in the von region. The absence of diffusion of ozone from the
crystalline ice surface implies that the coverage of adsorbed
ozone under stratospheric conditions is insignificant. Further-
more, a mixture of water and ozone deposited at 150 K shows

was accompanied by the evaporation of water as evidenced byinat ozone is not trapped in the ice bulk. Thus, despite the

the decrease in intensity of they coupled band. All these
observations are well illustrated in Figure 8, which compares
the integrated intensity versus temperature ofithezone band
with the integrated intensity of the watesy absorption. Results
show that the band observed in thgozone region corresponds,

dynamical character of the polar stratospheric surface, the
constant flux of water molecules which constantly desorbs and
recombines cannot trap ozone. These results are consistent with
the laboratory measurements of direct ozone loss on an ice
surface over the temperature 195 to 262 K using a flow tube

in fact, to different states of ozone in the bulk: one to ozone reactor reported by Dlugokencky and Ravishankamateraction
trapped into defects in the lattices (grain boundaries, micropores)ot zone with amorphous ice which is characterized by the

and another to ozone trapped in the water bulk. When the

chemisorption of ozone in the pores followed by diffusion in

temperature is increased, there is competition between releasgne puik is in agreement with the recent detection of ozone

of ozone trapped in the pores and diffusion in the lattice.
Between 75 and 100 K, the pores tend to collapse/odone

is released as indicated by the disappearance of the feature
3634.4 cnt! and the decrease in intensity of the 1033.8&m
band. This latter absorption, which is still present at 100 K,

can be assigned to ozone molecules inserted in the lattice and

disturbing the long range network of tetrahedracally coordinated
pure water. At 130 K when amorphous ice transforms into cubic

ice, part of the ozone is squeezed out, the transformation of ice
resulting in the opening of channels that allow release of ozone.

The small amount of ozone, which is still trapped in the cubic
ice, starts at 150 K when water itself evaporates. The mutual

evaporation of both water and ozone at a nearly same rate is
consistent with an assignment of ozone associated with an
absorbed bulk state and could even suggest formation of a local
ozone clathrate hydrate. Release of ozone with temperature

which probes the gradual transformation of water is similar to
previous findings for release of GHAr, N, Ne, and H and
CO03940|n particular, the curve of Figure 8 is essentially the
curve reported in Figure 9 of ref 40 for the temperature
dependence of the 2138 cfband of CO deposited on ice.
To determine if ozone penetrates into the bulk from the

trapped in ice on Ganymede and on Saturn’s satellites Rhea
and Dione*344On these icy satellites, amorphous ice can act

s a reservoir to keep ozone (produced from oxygen) at

temperature exceeding its normal sublimation point in a vacuum.
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