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Properties of the HCl/Ice, HBr/Ice, and H,Ol/Ice Interface at Stratospheric Temperatures
(200 K) and Its Importance for Atmospheric Heterogeneous Reactions

Bendt Fluckiger, Laurent Chaix, T and Michel J. Rossi*

Laboratory of Air Pollution Studies (LPA), hartement de Gee Rural (DGR), Swiss Federal Institute of
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The properties of the interface region of bulk, vapor-deposited, and single-crystal ice have been studied in a
Knudsen cell flow reactor in the range 19910 K using repetitive pulse experiments (RPESs) at variable
frequency. Fluxes of surface-to-bulk loss in ice on single-crystal and bulk ice vary frorh@®* to 1 x 10

and from 5x 10 to 5 x 10" molecule s* cm™ for HCI and DO, respectively. A positive activation
energy for diffusional loss oEx = 3.0 £+ 0.5 kcal/mol for HCl/ice and 5.2 0.7 kcal/mol for BO/ice has

been measured. Complementary measurements (“dope and probe” experiments) of the HCl/ice interface region
using the titration reaction of CIONO+ HCI — Cl, + HNOg are in good agreement with the diffusional

loss measurements from RPEs. These experiments allowed the evaluation of the thiakrtbesinterfacial

region, defined as the near-surface region of the ice where HCl is immediately available for titration at a high
rate. We measureld = 100+ 10 nm for single-crystal ice, 20& 50 nm for vapor-deposited ice, and 1000

+ 200 nm for bulk ice samples. The modeling of our results according to the laws of diffusion leads to
values of the HCI diffusion coefficier®nc ranging from (4.0+ 1.0) x 10*4to (2.8+ 1.0) x 10 ?¢cnP st

for single-crystal and bulk ice, respectively.

Introduction Chlorine nitrate interacting with frozen particles (PSC | and
II, saturated ternary solutions) undergoes the competing reactions

Heterogeneous chemistry plays an important role in the . ) . . .
atmosphere. The composition of the stratosphere can be affecte(!iQ'1 and R-2. The properties of the |_nterfaC|aI region, def'md
in our study as the near-surface region of the frozen particles

by heterogeneous reactions on atmospheric particulate or. . . X
aerosols. The seasonal formation of the Antarctic ozoné-Role " which 'ar?scggﬁd spt;mesdsluch as (';CI ar(tje ath)Ie_to directly
is a dramatic example of surface chemistry occurring on polar ::t?)rr%irwtlé establ%xv I;[hgulgraen?r/\'ir?rerazgng)eetvf/%erel '?%?gﬁgtis
thrgtosEhiric C|OUdS. (PS.CS) fﬁ:lowing reﬁctifons R'fl’ R-2, qnd (R-2) and halogen exchange (R-1) gThe total uptake c))/f HC)I/ on
-3, which convert inactive chlorine in the form of reservoir | . 2= - : .
molecules such as CIONGand HCI into a photolabile form geepi?g |;[)snat\r/]azlI:B:Iflé)ééogrkg;nglfet%uelaﬁl(t;er)eactlons were found to
such as Gland HOCI at the interface of frozen particulates. Experimental studies of heterogeneous chemistry have to date
Ky used techniques taken from either gas kinetics or classical
CIONO,(g) + HCI(s)— Cl,(g) + HNO4(s) (R-1)  surface science to probe the effects of exposing thin films of
ice and acid hydrates to atmospheric gases of interest. Although
k, the probe techniques used so far (reflectiabsorption IR
CIONO,(g) + H,O(s)— HOCI(g) + HNO4(s) (R-2)  gpectroscopy (RAIRS), attenuated total reflection (ATR) spec-
) troscopy , flow tubes, Knudsen cells, ichave proved to be
8 extremely effective, they are in general sensitive only to specific
HOCI(g) + HCI(s) — Cly(g)+ H0(s) (R-3) aspects of a given reaction. When considering the kinetics of
heterogeneous atmospheric reactions, the interplay of processes
such as adsorption, desorption, and diffusion in/on the condensed
phase needs to be properly understood. These processes may

similar to.the hy_droly5|s of bOslon frozen particles. As a result, be expected to vary considerably in their relative importance
less .NQ is available to deactlyate CIO to ClON@nd ozone as composition and temperature change. The presence of
|OSShIS prolt;lq?\led. The formatlﬁn .Of COfnden?_eéj-ph%seﬁproductsparticles in the atmosphere in which the adsorbates or reaction
fuch as HOk ?3 mixtures ﬁtt e mterda;e o Iher:)u a ecg products may be soluble increases the importance of surface-
urther uptake of reactants; Hanson and Ravishankaeasured to-bulk exchange processes in heterogeneous atmospheric
an uptake coefficient of 0.006 for the heterogeneous reaction

L e : chemistry. In solid atmospheric particles, the rates of diffusion
.R'Z of ClO.NQ on nitric acid trinydrate (_NAT) at 201K, which away from the surface into the bulk are likely to be significantly
is approximately 2 orders of magnitude slower than the

di " : ; slower than those for liquid droplets. Nevertheless, surface-to-
corresponding reaction on a pure ice surface. bulk diffusion is still likely to be an important route for surface
*To whom correspondence should be addressed. regeneration on atmospheric time scales when molecular mobili-

tPresent address: Ecrins Automatishes 98, Rue dud@réHomme ties are sufficiently high. The study of bulk diffusion in
F-38920 Crolles, France. atmospheric solids is a challenge using existing techniques,
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By production of condensed-phase Hj@actions R-1 and
R-2 remove the principal component of Nftom the gas phase,
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TABLE 1: Characteristic Parameters and Relevant Kinetic
Expressions No R°= Keger N(Y)
reactor volume/ 2000 cni C——> R,gs =kadsN® ———> { &
estimated internal reactor 1300 cnd phase
surface aredg ﬂ ﬂRdes
sample geometric surface arka 15 cn?
gas number densitf = F/(Vkessd®  (1—1000) x 10°cm2 R, =F; A } HCl/ice
escape rate constant (expt) kesd CIONO;) = 3.0+ 0.3 st * |f interfacial region densed
(@ 14 mm aperture) condense
Kes{HCl) = 0.66+ 0.05 51 U Bulk ice phase
(@ 4 mm aperture)
kes{H20) = 0.93+ 0.05 s*

(@ 4 mm aperture) Figure 1. Schematic view of the relevant rate processes occurring in
first-order rate constarktn [s™Y] Kuni = [(S/S) — 1]Kesc? the flow reactor during a reactive experimeiN; is the injected dose;
collision frequencyw [s7] o = (EIAV)As Ry = kesd\(t) is the flow rate effusing out of the reactdegdN(t) and

= 47.6 for CIONQ¢® Rees are the rates of adsorption and desorption [moleculé, s
uptake coefficieny y = kunlw respectivelyR_[molecule s7] is the rate of surface-to-bulk loss with

; g S
aF = flow into the reactor [moleculed]. * S andS are the initial Fi being the corresponding flux [molecule’scm?].

and steady-state MS signals, respectivelg¢[]= mean molecular . .
speed. the escape rate constd@t.and the pseudo-first-order reaction

rate constant, namelk,n (Table 1). The rate constant for

which are largely unable to focus upon specific regions of the effusive losskescis determined by fitting an exponential decay
mimicking films they probe. However, some progress has been function to the experimental MS signal trace in the absence of
made recently in this area by Vickerman and Donsig using reaction. The second type of experiments is continuous flow or
secondary ion mass spectrometry (SIMS) to establish depthsteady-state experiments which are performed by introducing a
profiles in ice films which have been exposed to chlorine- constant flow of molecules across a capillary into the flow
containing molecule$? reactor. The change of the MS signal levels of_ the corresponding
We presentrate measurements of HCI, £0, and HBr compounds upon opening) and closing §) the_ sample
concerned with surface-to-bulk processes on different types of chamber obtains a value for the net uptake coefficjefitable
ice. The comparison of the time dependence of the interaction 1). In addition, steady-state experiments allow the establishment
of these three gaseous species with the ice substrate revealed @ @ mass balance between reactants consumed and products
slow loss process, which occurs on a much longer time scaleformed d_urlng _the reaction. We used a low-temperature sample
compared to adsorption and desorption. This additional sink for SUPPOrt in which the sample could be cooled to 150 K. A
the gas phase was attributed to the removal of a fraction of the Programmable temperature controller maintained the final
adsorbed species at the interface into the bulk, which is char-temperature ta-0.5 K at an accuracy o2 K.?
acterized in this work by the flux of surface-to-bulk |dss of .
adsorbed HCI, BO, and HBr. “Dope and probe” experiments ~Preparation of the Ice Samples
using the titration reaction R-1 of CION@vith HCI permitted For the preparation of bulk ice (B) samples, approximately
correlation of the flux of surface-to-bulk loss with the condensed- 5 mL of degassed distilled water was poured into the sample
phase (bulk) diffusion coefficierbyc) according to the laws  support at ambient temperature, cooled to the desired temper-
of diffusion. Parameters of the interfacial region such as its atyre in about 15 min, and subsequently evacuated. For single-
thicknessh and the HCI mole fraction are assessed as a corollary. crystal ice (SC) preparation, the cooling was much slowe3

Finally, we compare the values B¢ with literature values. K min~1) in the temperature range of 0 te30 °C following a
) procedure of Knight et &P in order to avoid possible super-
Experimental Setup cooling of the water. The SC sample we obtained appeared more

transparent than B samples. We do not have at present an optical
characterization for pure single-crystal ice, but we noticed that
this preparation procedure led to ice samples which clearly
influenced our results. In addition, SC ice has distinctly different
kinetics of HO condensation and evaporation in relation to B

The experiments were performed in a Teflon-coated Knudsen
flow reactor operating in the molecular flow regime. This
technique has been described in sufficient detail in the liter8ture.
Briefly, the gases under study were introduced into the Knudsen

tor f th -handli tem by usi ith ill .
reactor from Ihe gas-handiing system by using etther a captiary samples! For condensed ice (C), the mounted and evacuated

for pressure reduction or a pulsed valve as a flow-controlling .

device. The gases leave the Knudsen reactor through an escapﬁar_nple support was cooled to the desired temperature of
orifice whose diameter (14 mm) determines the residence time YPically 200 K, followed by cor;densatlon of water from the
and the concentration inside the Knudsen reactor. The charac32S phase ata flow rate Bf= 10° _m°|ec.UIe/S' The cal_culated
teristic parameters of the reactor are given in Table 1. The thickness using the known density of ice of 0.92 gérfor

modulated effusive beam leaving the Knudsen cell is analyzed Iow-te_mpe;ature c stargple?h\{vas 'n;hﬁ ran%ef)wyn;. All q

by a quadrupole mass spectrometer (MS) whose settings Werq?(;(perlrt?en”s. presen Ie 'tT] t'ls W%r] tavded' een pe; ormleﬂ on

chosen to yield a sensitivity of approximately'd@nolecules esorbing”ice samples, that s, without adding an external flow
of H,O vapor which usually compensates for the rate g®H

cm~3 at a signal-to-noise ratie 2. evanoration off the ice sample
An isolation plunger allows the separation of the reactive P pie.

surface located in the sample chamber from the reactor volume.
Pulsed valve experiments are performed by introducing a known
dose in the range of 38-10'% molecules into the reactor across

a solenoid valve at a pulse duration of a few milliseconds. The

observed single-exponential decay in the presence of a reactive We explain below the meaning of the term surface-to-bulk

surface is characterized by a rate constant which is the sum ofloss ¢.) and its measurement using RPEs. Figure 1 shows the

Description of the Measurement of the Flux of
Surface-to-Bulk Loss L) in Repetitive Pulse
Experiments (RPES)
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Figure 3. Integrated HCI flows in RPEs as a function of time. The
44 lines labeled with full circles are the reference series at injection
5 frequencies of 3 and 1.7 Hz, respectively. The lines labeled with open
circles are the corresponding reactive traces. The same cumulative dose
0 T T T T T : - == is reached, for example, &t= 30 s andt; = 52 s, respectively. The
0 2 4 6 8 10 12 14 16 18 ratio ANi,s/ At represents the rate of surface-to-bulk Id3s,
time [s]

_ _ S train of sample pulses such as displayed in Figure 2 corre-
Figure 2. Raw data of RPEs of HCl interacting with ice at 190 K.  sponding to the total number of HCl molecules effusing out of
The time intervals between each pulse are 0.3 s (upper trace), 0.6 S fiow reactor and thus not retained by the ice substrate. The
(middle trace), and 1.12 s (lower trace). The dose per pulse correspondsdiﬁ(:m_:‘nce of two integrals, such #sandB of Figure 3, at a

to approximately 2x 10* molecules with a pulse duration set to 1 . . ) .
ms. Each trace is terminated by a large reactive pulse af B0'S given timet after the start of a RPE is equivalent to the number

molecules, leading to an equilibrium HCI vapor pressure at steady- Niost(t) of HCI taken up by the ice substratetatvhereNps(t1)
state conditions. The pulse trains correspond to the following cumulative = A and Nies(tz) = B. We now compare two valueNs(t)
doses: upper, 1.% 10' molecules; middle, 1.2 10'® molecules; obtained at two injection frequenciésandf, (f; > f,) under
lower, 7.2x 10 molecules. the constraintif; = t,f,, that is, at an equal applied dose of

] o HCI. This constraint corresponds to applying a horizontal cut
main rate processes occurring in the reactor when a pullie of 1 the line labeled\t in Figure 3. Becausf > f,, we obtaint;
molecu]es interacts .with an ice sample. The MS signal is < t, such that the timé, elapsed after the RPE performedat
proportional to the time-dependent flow rae = kescN(t) is longer thart; for RPE §,). We now consider the difference
effusing out of the reactoN(t) is the total number of molecules  ANj(t) = Niosi(t2) — Niosi(t1) under the above constraif, =
at timet andN(t=0) = No. The heterogeneous processes are .f, and findNiests) = B > Nis(tz) = A. We interpretANios(t)
characterized by the rate of adsorptRas= kassN(t), the rate a5 a loss of HCI owing to diffusion of HCI from the interface
of desorptionRqes and the rate of surface-to-bulk lo& = region into the bulk of the ice substrate whose ftés given
FLAS with F being the flux. We stress that the time scale for by (Nsitz) — Niosi(t2))/At.13 It is important to note that every
R_is much longer compared RusandRges the HCI molecules change in the experimental parameters of the HCI-dosing such
taken up on thg ice sar_nple which hav_e not de_sorbed during thegg pulse frequency or pulse amplitude is reflected in the
gas-phase residence time= 1/kesccontinue to disappear from  experimental data as far as adsorption and desorption processes
Fhe interface into the bulk, even at vanishing HCI concentration gre included because the signal displayed in Figure 3 (reactive
in the gas phase. traces, open circles) represents the net effeliys(t) displayed

Figure 2 displays results of typical RPEs of HCl interacting in Figure 3 therefore corresponds to the difference of total
with an ice substrate performed at three injection frequencies molecules lost from the gas phase other than by adsorption and
ranging from 0.5 (lower trace) to 3.5 Hz (upper trace). The effusion of HCI.
individual dose per pulse within each pulse train-6 x 10 We emphasize that for the time being the rate laiRohas
molecules, whereas the large (“giant”) pulse displayed at the not yet been shown to follow Fick’s law of diffusion and that
right-hand side of Figure 2 approximately corresponds to 5 it is obtained as a difference of two loss processes of gas-phase
10" molecules or roughly one-half of a molecular monolayer. HCI. Note that the MS signal decreases to zero in a single-
Thus the cumulative dose of the upper, middle, and lower pulse exponential manner with a decay constéigys after the last
trains in Figure 2 corresponds to 3.4, 2.4, and 1.4 times the individual pulse of each pulse train (see Figure 2). This behavior
dose dispensed in the “giant” pulse displayed on the right, is in stark contrast to that of the steady-state level which
respectively (see Figure 2). The HCI partial pressupgs spontaneously forms after admission of the giant pulse (right-
obtained after each individual pulse within a pulse train are hand side of Figure 2) even though the cumulative dose
distinctly lower than those of the quasi-steady-state level dispensed during the RPE has been larger than the single dose
obtained after the admission of the giant single pulse which of 5 x 10! molecules. The difference between the two cases,
corresponds to the vapor pressure above a liquid HO/H  namely sequential and single pulse injection, arises from the
solution atop the ice substrate. This latter HCI vapor pressure fact that HC| adsorbed during the RPE has had ample time to
is given by the liquid/solid coexistence line in the HGM  diffuse into the bulk so that it becomes unavailable to sustain
phase diagrart’ the steady-state level shown on the right-hand side of Figure 2.

Figure 3 displays the integral of both the reference pulse We take this observation as an indication of the loss of HCI
corresponding to the integral dose of HCI dispensed and theinto the bulk on the time scale of the RPE.
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Figure 4. Flux F_ of HCI surface-to-bulk loss at 200 K on bulk ice
(B) (#) and single-crystal ice (SC¥J, as a function of the individual
dose per pulse. The inset displays the first-order dependerfeeaf 10
the dose up to X 10'® molecules per pulser(= 1).
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Results of Repetitive Pulse Experiments
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Influence of the Type of Substrate on the Diffusive Loss
of HCI, HBr, and D ;0. F_ for HCI on Bulk (B) and Single-
Crystal Ice (SC) in the Temperature Range of 1200 K.
Figure 4 displays the flux of HCI surface-to-bulk lo§s
according to the above procedure on bulk (B) and single-crystal
ice (SC) samples at 200 K as a function of the individual HCI
dose of a RPE. Thé&_ values are independent of the pair of
injection frequencies within experimental error, in the range of
0.3—3.5 Hz which is the highest RPE frequency we used. The
upper limit of 3.5 Hz approximately corresponds to the escape
rate constankes. for HCI; this upper limit ensures that the
identity of the individual pulses is maintained during the RPE.
The values ofF_ range from 5x 10 to 10'3 molecule s?!
cm~2. For both types of substrates, seems to be zero order
in HCI for pulses exceeding 3®molecules per pulse, that is,
when the HCl/ice interface is in the liquid stdfeWe believe
this “saturation” offF_ at large HCI doses displayed in Figure
4 to be an artifact caused by the limiting value of the evaporation
rate occurring at doses for which the HCllice interface becomes d0se of RO up to 2x 10> molecules per pulse, contrary to
liquidlike. In the region below 2x 10'5 HCI molecules per ~ HCl (m = 1in Figure 4).
pulse, the rate law fdf,_ seems to be proportional to the number ~ Fv for HBr and DO on Bulk Ice (B) at 200 KFigure 6
of HCl in an individual pulse and thus is first order in HCI, as displays the values df. as a function of the individual dose
indicated in the inset of Figure 4. For SC samplgsmay be for HBr and D,O on bulk ice (B) at 200 K. The HCl results are
smaller (5x 10*1to 3 x 102 molecule s cm2) than that for ~ displayed for the sake of comparison. TiRe values for DO
B (10*>-10' molecule s cm?) in the HCI concentration range ~ are 2 orders of magnitude larger than those obtained in the HX/
in which F__is first order in HCI, most probably because of the ice system. On the basis of the existing data for the HBr/ice
different structure of the interface discussed below. The values interaction, we simply state that tirg values are smaller than
of FL. measured at low doses such as“Iiolecules per pulse  those for HCl/ice.

oss [molecule s'cm™]

-
o_‘
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Flux FL of surface 1
>

1011 L Lol " Lyl
10" 10" 10'°
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Figure 6. Comparison of flux=_ of surface-to-bulk loss of ED (M),
HCI (@), and HBr (crosses) on bulk ice (B) samples at 200 K.

are getting close to the limit of the experimental measurement
capability.

K. Figure 5 display$-. as a function of the individual dose per
pulse for the RO/H,O system on B and SC ice at 200 K. No

than in the case of HCF is 2 orders of magnitude larger for
B (4 x 10" molecule s* cm=2) than for SC (6x 102 molecule
sl cm?). The data for both types of ice (B and SC) are
consistent with a zero-order dependenc€&,06n the individual

Figures 4, 5, and 6 clearly show that the flux of surface-to-
bulk lossFy is a function of the identity of the gas-phase species
F. for DO on Bulk (B) and Single-Crystal Ice (SC) at 200 as well as of the structure of the interface of the ice sample.
For both HCI and RO, the value ofF_ is smaller on single-
crystal compared to bulk ice. This may be due to the fact that
dependence df_ on the dose can be observed for SC samples. the SC surface is more ordered than the B surface, the former
The effect of the nature of the ice substrate is more apparenthaving a lower surface defect density, cracks or grain bound-
aries, thus restricting pathways towards surface-to-bulk diffusion.

Temperature Dependence oF for HCl and D ;0 on Bulk
Ice. Figure 7 displays the temperature dependence of the flux
of FL in the temperature range of 19210 K for HCl and 176~
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loss of DO (@) and HCI ©). For DO and HCI, activation energy = S a2 C o "
values ofEx = 5.3+ 0.7 and 3.0+ 0.5 kcal/mol were found from =
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v
200 K for D,O. The Arrhenius representation leads to a positive §
activation energya of F_ for both HCI and DO. Ep for HCI 0.02 -
and DO is equal to 3.6t 0.5 and 5.3t 0.7 kcal/mol, respec-
tively. Such values are consistent with those of bulk diffusion,
0 T T L

as ob§§rved for instance on small ice partlples by Mlzpno et 140 150 160 170 180 180 200 210
al.* Livingston et al 1> who studied the diffusion of HDO into time [s]

. 16 . . .

smgle-c_rystal HO ice multllayers_usmg laser-induced thermal_ Figure 8. (top) HCI probing experiments on condensed ice (C) at 200

de;orptlon,_have reported an activation energy for surface dif- ¢ using CIONQ in reaction R-1. Glis monitored ate 70 (thin solid

fusion ranging from 3.7 to 6.4 kcal/mol. This latter value may jine), CIONO; at mve 46 (bold solid line,0), HOCI atm/e 52 (),

not necessarily be compared to our value for bufoDce. HNO; at m/e 63 (v), H,O at nve 18 (). (bottom) Focus on the
beginning of the titration reaction on a short time scale. The symbols

Dope and Probe Experiments: Probing the HCI are the same as above with,@isplayed using the bold solid line.

Concentration at the Ice Interfacial Region Using the ) . .
Reaction CIONO, + HCI — Cl, + HNOs Many studies of the heterogeneous interaction of CIQNO

on ice doped with HCI have been performed to daté® Uptake

The goal of this series of experiments is to validate the results coefficients were found to be dependent on the HCI concentra-
obtained in RPEs by probing the HCI concentration at the tion on the surface, with an upper limit of = ~0.3 in the
interface, a region of finite thickness close to the surface of the temperature range of 18@00 K. Nitric acid, the condensed-
ice sample. We dope an ice surface with HCI gas and probe forphase product of reactions R-1 and R-2, is known to form
near-surface HCI that is “visible” from the gas phase using the thermodynamically stable hydrates in the present temperature
fast titration reaction CION®+ HCI(s) — Cl, + HNOs. By and concentration regime, such as HN&MH,O (NAT) or
doping a pure ice surface with a known amount of HCI and HNOsH,O (NAM).20-24 Recently, Zondlo et &lsuggested that
varying the time delay for subsequent reactive CIQNPtake the reaction of CION@on ice may lead to an amorphous®i
monitored by CJ, we were able to measure the change of the HNO; layer over the ice surface before crystallizing to a stable
HCI interfacial concentration with time using a mass balance HNOs hydrate.
argument; the yield of Gformed in reaction R-1 and its change ~ Figure 8 displays a typical experiment, performed at 200 K
with time since the start of the doping is an indirect probe of on a condensed ice sample (C). After the surface was doped at
the change of the near-surface concentration of HCI with time. a HCI flow of 6 x 10 molecule s! for 1 min leading to a
Therefore, a direct comparison with the flEix of the surface- ~ HCI coverage of roughly two nominal monolayers, a continuous
to-bulk loss process as observed in RPEs may be undertakenCIONO, flow of 105 molecule s monitored ate 46 (NOY)

Studies performed on the interaction of alkali halide salts with enters the reactor &t= 158 s and reacts with the HCl/ice sample
CIONO; have shown that it displayed a pronounced “sticky” according to reaction R-1. The MS signahale 46 rapidly drops
behavior and that the value of its uptake coefficient was corresponding to an initial value pf = 0.1. At the same time,
independent of the structural characteristics of the substrate suclka prompt rise of molecular chlorinen(e 70) is observed as
as the BrunauerEmmett-Teller (BET) surface area of the salt shown in the bottom trace of Figure 8. For these continuous-
substraté® This suggests that CIONGrimarily interacts with flow experiments, molecular chlorine is the sole product detected
the external surface regardless of its microstructural details suchat the beginning of the reaction. The,@ignal decreases on a
as the presence of poresVe therefore assume that CIONO  time scale of 510 s to a low and slowly decreasing level
preferentially probes the gasolid interface of ice whatever ultimately tending toward the gimpurity level in CIONQ on
its nature may be without delving into the microstructural details the time scale of a few minutes. HOCI gradually appears in the
of ice such as pores, cracks, grain boundaries, or imperfections.aftermath of the main Glproduction burst and slowly tends
Thus CIONQ is thought to be the probe molecule of choice toward a steady-state value which is proportional to the rate of
for exploring the surface and near-surface concentrations of HCI. uptake of CIONQ. These results are consistent with the ones



11744 J. Phys. Chem. A, Vol. 104, No. 50, 2000 Fluckiger et al.

_ TABLE 2: Observed Fractional Yield Y(Cl,) of Cl, on
Tw Single-Crystal Ice (SC) and on Bulk Ice (B) at 190 and 200
2 1ex10” K as a Function of the Time Delay between the End of the
% HCI Doping and the Start of Probing Using Reaction R-%
E 0" b ice delayt Y(Cly)
§ sample TI[K] [min] N(HCI) N(Cly) [%]
2 sxi0” b sc 190 2 1.5< 1016 1.47x 10 98
& 190 3 1.5x 10 1.41x 10 94
o) " 190 5 15x 10"  1.44x 10 96
v 4107 | 190 7 1.5x 106  1.39x 106 93
g B 190 2 1.6x 106 1.7 x 106 100
= 190 4 1.6x 1016 1.3x 10' 88
190 5 1.6x 10 1.35x 10 90
' 190 6 1.6x 1016 1.2 10 76
time [s] 190 10 1.6x 10%  1.12x 10'® 70
Figure 9. Main burst of C} production at 200 K for different time B 200 1 1.1x10% 1.0x 10 90
delays between doping and probing: 2 min (solid lim®, 5 min 200 5 1.1x 10  0.66x 10 60
(dashed line9), 10 min (dashed linel), and 20 min (solid liney). 200 7 1.1x 10 0.58x 10'° 53
The dividing line between interfacial HCl titration and bulk-to-interface 200 10 11x 10 0.44x 10 40
back-diffusion has been set at the crossing point of the four traces. aN(HCI) is the number of HCI taken up on the ice surfaléCly)

is the number of Glproduct molecules integrated from 0 to 10 s (see

presented in the literatuf®.During hydrolysis (R-2), the MS Figure 9).

signal of HO (m/e 18) decreases at=5 min to a lower partial
pressure, accompanied by an increase in the surface coverage 12 .

of HNOs. Hanso#® obtained the same result when he observed

a phase transformation from an amorphous to a crystalline phase g 0 « o

in flow tube experiments upon increasing the coverage of INO 1.0 4 s £ 08 \f
on ice. The MS signal atve 18 slightly decreases as long as & I

the hydrolysis reaction continues in the ranget ef 10—20 TE 08 X
min. At the same time, a small amount of nitric acidé 63) 08 | »:;’: = 0 Ty
appears in the gas phase. tAt 20 min, the HO and HOCI s

T T T
200 400 600

time [s]

signals suddenly drop, indicating the end of thgOHsupply
for hydrolysis. The total HN@ previously stored in the
condensed phase during reactions R-1 and R-2 is released intog
the gas phase. However, for the present purpose we focus onsg
the main burst, that is, the large rate of @bpearance, followed
by a lower rate of Glformation.

nal Yield of Cl , Production

0.6 T
+,

Frac!

0.4 -

Results of Dope and Probe Experiments

We studied the time dependence of the rapid chlorine %2 T T T
production (“burst”) as a function of the time delay between 0 1000 2000 8000
the end of the HCtice doping and the beginning of the probing Time [s]
using CIONQ, whose flow was~10'® molecule s (Figure 8,
bottom). Figure 9 shows raw MS signals of,@honitored at . .

: P : : delay between HCI doping and CION@robing on SC®) and B

mie 70 durln_g the initial uptake pf CIONgor various _tlme at 13/0 K and B k) at 20(? K. The Iigfs are ?its usiné))Fick’s se’c)ond
delays ranging from 2 to 20 min between HCI doping and |5, (see text). The inset on the upper right-hand corner preséats
CIONG; probing on bulk ice (B) at 190 K. The experiments on the time scale from 0 to 600 s and shoW(€l,) to be linearly
were performed on the same ice sample after regeneration ofdependent on the time delay to a good approximation. The three lines
the sample by thermal desorption of Hh®etween each  are least-squares fits.
doping/probing series. Approximately 1:610'6 molecules of
HCI corresponding to one formal monolayer were taken up  We interpret the initial rapid Glproduction as resulting from
before the start of CION@probing. Thefractional yield Y(Cl,) the reaction of CION@with HCI present in the interface region
of Cl, production is defined alsl(Cl,)/N(HCI) whereN(Cl,) and and available for titration without delay. The shape as well as
N(HCI) are the integrals of the MS traces between 0 and the duration of the initial chlorine production, compared to the
10.5 s of the Gl production rate and the total number of HCI  subsequent low rate of production, suggest that the interfacial
previously taken up, respectivel(Cl,) decreases as a function region is a well-defined HCI reservoir, characterized by a
of increasing time delay between doping and probing as thicknessh and a HCI mole fractioiXyci. The longer the time
indicated in Table 2 and Figure 10. Moreover, the duration of delay between doping and probing, the larger the number of
the main burst of chlorine is more or less equal to 10 s at a HCI molecules which have disappeared from the interface into
given F(CIONO,) of 4 x 10" molecule s! and seems to be  the bulk by surface-to-bulk loss. When the interface becomes
independent of the time delay. On the other hand, tttal depleted in HCl at = 10 s, the low rate of Glproduction after
chlorine yield, namely, the sum of the initial main burst and the main burst is interpreted as the rate-limiting process of HCI
the subsequent yield corresponding to the low rate of production back-diffusion from the bulk to the interface region where it is
in the tail, indicates a 1:1 correspondence between reactant lostavailable for reaction with CION®in reaction R-1. Such
and product formed in all experiments, whatever the time delay. experiments reveal the time-dependent HCI partitioning in the
This latter fact shows nothing other than a closed mass balanceice sample and its reactivity toward CIOMCOMeasurements
for total Ch produced. were made on SC and B ice at 190 K and on B ice at 200 K to

Figure 10. Fractional yield of G}, Y(Cly), as a function of the time
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TABLE 3: Flux of Surface-to-Bulk Loss F, Obtained in
Dope and Probe Experiments of HCI

ice sample TIK] Fi[molecule stcm™2
SC 190 (2+ 1) x 101
B 190 (7+3) x 10%
B 200 (9+ 3) x 10%

evaluate the time dependence of the HCI concentration at the

interface of the ice substrate.
The present data allow us to obtain a value of the flux of

surface-to-bulk loss and consequently validate the previous

J. Phys. Chem. A, Vol. 104, No. 50, 20001745

TABLE 4: Calculated ((a) and (b)) and Experimental (expt)
HCI Mole Fraction Xuc at 190 and 200 K on a Sample
Co-condensed from HO and HCI Vapor Using a Flow
Reactor with an Orifice Diameter of 4 mm?2

TIK] Puci[Torr] Puo[Tor]  Xuc(@) — Xua(0)  Xnci(expt)

190 1.1x 105 6.3x10°% 29x10* 7.4x 104 1.24x 103
200 3.6x 10°% 44x10° 49x10* 35x 10* 6.7x 104

aValues forXuci(a) andXuci(b) are calculated according to eqs 2
and 3, respectively, witlu(H,O) = 0.5 anda(HCI) = 0.3.

Determination of the HCI Mole Fraction Xuc in the

RPEs. In the discussion below, we present an evaluation of thelnterface Region Numerous studies report values of the

thicknessh, derived from similar dope and probe experiments.
We thus propose a description according to the laws of Fickian
diffusion leading to the determination of the diffusion coefficient
Dhci in ice.

Linear Regime: Measurement of Fi and Comparison
with RPEs. Figure 10 displays the fractional yieM(ClIy)(t),
defined asN(Cl)(t)/N(HCI) of Cl, as a function of the time
delayt between HCI doping of the interface and probing by
CIONG:; in titration experiments. The dependencer(l,) on
the time delayt is the manifestation of the decrease of the HCI
concentration in the interface region owing to diffusion into
the bulk. We focus below on the time dependenc¥(@fi,) on
the time scale of 8600 s displayed in the upper right-hand
corner of Figure 10, which can be fitted tdiaear function of
the time delayt. The linear fit is equivalent to assuming that
F_ is independent of time over the range of®0 s. The
number of C} generated in the burst displayed in Figure 9
following reaction R-1, that isN(Cl,), may be described as a
function of the time delay between HCI doping and CIONO
probing according to

N(CL)(t) = N(HCI) — F At Q)
whereA is the geometric surface of the ice sample (Table 1).
It has to be kept in mind thaN(Cly)(t) results from the
integration over the main burst of Gbrmation whose duration
is approximately 10 s antlis the elapsed time between HCI
doping and CION®@probing ranging from 2 to 10 mirN(Cly)-
(t) may thus be considered a direct measure of the time-
dependent interfacial HCI concentration within the interface
thicknessh. The flux of surface-to-bulk losg() is given by

the slope of the least-squares fit displayed in the inset of Figure

10 (data in Table 3). The linear time dependenc&/(&l.,) in
the time interval 8-600 s obtains a value of_ for HCI

according to eq 1 which are in remarkable agreement with the
values obtained from RPEs performed using individual doses

of less than 18 molecules per pulse (Figure 4) and are thus
providing a consistent picture of the HCl/ice interfacial region
based on two very different kinds of experiments.
Discussion

On one hand, dope and probe experiments confirm the

solubility of HCI in ice?’=2° which are in the range oKy =
1075—10* at 200 K for a HCI partial pressure ef107° Pa.
More recently, Thibert and Domif&investigated the thermo-
dynamics and kinetics of solid solutions of HCI in ice in the
temperature range of35 to —8 °C. They recommended the
following relationship for the calculation of HCI solubility with
Pin Pa:

Xy = (6.13x 10_10) Ca (PHCDM'73 )
These authors also proposed eq 3 for cases in which the
incorporation of HCl is controlled by the kinetics of condensa-
tion:

|\/|H2 o]v2
IleCI

Phcl Qe

Ph,0 %0

Xyo1 =

®3)

The parametersyyc) and o0 are the mass accommodation
coefficients for HCI and KO, respectively, at a given temper-
ature. Table 4 displays calculationsXc) according to egs 2
and 3.

To obtain a value oKy for our experimental conditions,
we performed ancillary HCI/LD co-deposition experiments. We
concurrently condensed,B and HCI atT = 190 K onto the
cold support at typical flow rates of 10and 134 molecule
s1, respectively. The duration of the co-deposition wédsmin,
leading to a deposit thickness of at leagtni. The composition
of such a sample is assumed to be homogeneous and is given
by the relative amount of each compound deposited on the cold
substrate which could be measured experimentally. Table 4
shows the HCI mole fraction measured from co-condensation
experiments at 190 and 200 K and the comparison with
calculations according to eqs 2 and 3. Calculated and experi-
mental values folXyc) are in reasonably good agreement. In
the remainder of this discussion, we use the experimental value
Xucr (expt) of Table 4 for the fitting of the dope and probe
data. For B and SC ice samples, the experimental determination
of Xuci was not possible by said mass balance argument. In
this case, we used th§ ¢ values obtained above on the C ice
sample for comparable HCI partial pressures.

Figure 11 displays a dope and probe experiment on a co-
condensed HCI/KD (C*) sample at 190 K at a CIONGlow

existence of a loss process of HCI from the ice surface into the rate of 6x 10> molecule s*. The main burst of Glproduction

bulk which has already been revealed in RPEs. On the otherlasts for~20 s and is followed by a gkteady-state flow rate
hand, they suggest, as will be discussed below, that theof 300 s, which ultimately decreases toward the level of the
interfacial region is a well-defined HCI reservoir characterized small CL impurity in CIONG, when the HCl/ice sample is
by a thicknes$ and a HCI mole fractioiXuc. In the following, vanishing upon pumping according to reactions R-1 and R-2.
we discuss hovih and Xy may be experimentally derived in ~ We note the high rate of gproduction in the aftermath of the
dope and probe experiments. Finally, bbtand Xyc| are used Cly burst in contrast to the much lower rate of, @roduction

to fit the time-dependent data displayed in Figure 10 according observed on C and B samples (Figures 8 and 9), in which the
to the laws of diffusion, allowing the assessment of the diffusion bulk was essentially free of HCI. Figure 11 surprisingly reveals
coefficientDuc) for B, C, and SC ice substrates. that the HCI/HO co-condensed sample is not homogeneous
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Figure 11. Exhaustive CION@uptake experiment on a HCI{B co-
condensed sample (C*) at 190 K at flow rates of’H#hd 10* molecule
s™1 of H,O and HCI, respectively. The flow of CIONQvas 6x 10'°
molecule s (O). Cl, production @) and uptake of CION@stop att
= 340 s owing to vanishing ice supply.

throughout. The rate of gformation is higher at the beginning
of the HCl titration by CIONG, corresponding to the hatched

Fluckiger et al.

durationt; of this stage was a few seconds. After the initigl Cl
burst has subsided, the interfacial ice matrix is devoid of HCI
and CIONQ starts to be hydrolyzed by in the presence of
HNO; generated in reaction R-1. Concomitantly, back-diffusion
of HCI occurs from the bulk toward the interface which is
revealed by the slow release of,@h the tail of the dope and
probe experiments (Figure 9). The duratignof the slow
hydrolysis depends on the total thicknéss the ice sample as
well as on the used CIONGlow and is typically 15-20 min
(Figure 8).

The hydrolysis, reaction R-2, starts when the interfacial ice
matrix is low in HCI, that is, at > t;. Both the pseudo-first-
order rate constark; for titration at excess CION©and the
initial pseudo-first-order rate constaki for hydrolysis have
been measured for every dope and probe experiment, and the
relationshipk, ~ Y/¢k; has been established. The interfacial ice
matrix composed of N(HCI)/Xxc) H2O molecules will be
consumed by hydrolysis withira at approximately the following

rate:
I(2
K,

Equation 5 is an approximation, becaugses assumed to be

dN(H,0)  N(HCI)/ Xy,
a t,

(%)

area in Figure 11. This indicates the presence of an interfacial constant over the duration O tg. Figure 8 reveals that this

region where none is expected owing to the seemingly homo-

approximation should hold to a factor ef2 for bothk; andks,

geneous sample generated from the co-deposition of HCI andconsidering the signal level for CION@t e 46 between 158
H20 whose uptake coefficients are very similar under the chosenand 162 s, which corresponds to the end of thetrst. The
experimental conditions. This result suggests that the ice matrix rate of hydrolysis may be written using the kinetic rate law

controls at least in part the properties of the HCl/ice interface.
Hydrolysis of CIONQ becomes competitive when the HCI
concentration in the interfacial region is sufficiently depleted.
Rate-limiting back-diffusion of HCI from the bulk toward the
interface sets in after the main burst of 20 s duration.
Thicknessh of the Interface Region The thickness of the

according to eq 6, considering the rate of hydrolysis and the
rate of evaporatiorRevap Of H>O upon pumping through the
escape orifice without balancing,@ flow:

_ dN(H,0)

p (6)

= k[CIONO,]V + Ry

interface region was estimated in three ways as described by

(a), (b), and (c) below.

(a) The number of HCI moleculd$(HCI) taken up into the
interfacial region leads to a HCIA® mixture of mole fraction
Xucr = N(HCI)/(N(HCI) + N(H20)) = N(HCI)/N(H20) in a
region of thicknes$. The number of nominal monolayers of
individual thicknessl composing the ice matrix of the interfacial
region may be expresseddéH,0) divided by the HO surface
site density of 1.0 10 cm=2. 31 Thus

[N(HCI)/XHC,] g
1.6 x 10'°

(4)

where 1.6x 108 is the total number of surface molecules of
H,O for our surface area of 15 énandd is the thickness of

By setting eq 6 equal to eq 5 and using eq 4, the thickhess
may be finally expressed as

d

'1.6x 10 ¢

h = (k[CIONO,]V + Ry (El) t
2,

The calculated values fdr according to eq 7, labeled &gb),

are shown in Table 5. The valueslafandk; were determined
to be 3.5 and 0.673, respectively. We used the values found
by Chaix et alt! for the rate of evaporation of D of 1.6 x
106 molecule s cm2 at 190 K and 3.5< 10'® molecule s*
cm~2 at 200 K for condensed ice samples (C). For bulk ice (B)
samplesRevapWas found to be 3.5 10' molecule s cm2

at 190 K and 1x 10 molecule s cm~2 at 200 K. For single-

one nominal layer of water ice and is estimated to be equal to crystal ice (SC) at 190 KRevap= 8 x 10*> molecule st cm2

0.4 nm#* Table 5 displays calculated values foaccording to
eq 4 labeled ak(a) using experimentally determined values of
N(HCI) from dope and probe experiments aXigt; measured
in co-deposition experiments as described abog; was
assumed to be independent of the type of ice.

(b) We also experimentally determined the thickness of the

was used. For co-condensed HGiHsamples (C*), the number
N(HCI) of HCI molecules located in the interfacial region at
the interface has been indirectly determined from the mass
balance assuming a 1:1 correspondence between main bgrst Cl
production and HCI lost (Figure 11).

(c) We have observed a good correlation between the duration

interface region using kinetic measurements by means of con-t, of hydrolysis and the number ofJ® molecules constituting
verting the reaction time into a thickness; Figure 12 summarizes the thin film ice sample on condensed (C) ice, under conditions
the processes occurring in dope and probe experiments. In theof constant CION@flow. The durationt; is equal to the total

first step, CIONQ reacts with HCI located in the interfacial

region in a rapid process or main burst without the incidence
of a precursor, which is characterized by a high uptake
coefficient of~0.1. In all experiments performed to date, the

thicknessl! of the condensed sample divided by the rate of
hydrolysis, expressed in monolayers per unit time, whereas the
duration ki/ko)t; is equal to the interfacial thicknessdivided

by the rate of hydrolysis under the same pumping conditions.
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TABLE 5: Calculated Values of the Interfacial Thicknessh Using

J. Phys. Chem. A, Vol. 104, No. 50, 20001747

(@) Eq 4, (b) Eq 7, and (c) Eq 8

N(HCI) N(H20) Fi(CIONOy)

ice TIK] [molecules] [molecules] [molecule s1] ty[s] t2[s] h(a) [nm] h(b) [nm] h(c) [nm] [ [eem]
C* 190 4x 10 9.4 x 10Y° 6 x 10% 10 300 82 350 447 2.3
C* 200 6.9x 10% 3.8x 10Y° 3.75x 101 10 258 766 0.9

C 190 2.5x 10 1.5x 100 3.8x 10'° 7 660 500 258 238 3.8
C 190 1.3x 10 2.8x 107° 4.4 x 105 6 220 260 222 314 7.0
C 190 1.9x 10 3.3x 10%° 4.8x 10'° 5 1100 380 186 224 8.2
C 190 1.3x 10 5.5x 101 5.2 x 10% 7 240 260 260 240 1.3
C 190 1.3x 106 1x10%° 5.2 x 10° 7 414 260 260 252 25
C 190 1.2x 10 1x 6% 6.5x 10% 3 1400 240 112 50 4.1
B 190 1.6x 106 4.8 x 10° 11 320 878 bulk
B 200 9x 10% 3.9x 10'° 5 335 1128 bulk
SC 190 1.4x 106 4.8x 10'° 5 280 96 SC

a|ce samples are HCIA® co-condensed (C*), condensed (C), bulk (B), and single-crystal (SC). The calculatigfaf@ccording to eq 4 was

made using the experimental valueXfc displayed in Table 4.

"DOPE" — - "PROBE"
“main burst” "tail”
HCl CIONO, +HCI CIONO, +H, 0
CIONO, +H, 0 CIONO, +HCl
' A
f
1% A e R

V

Y

Figure 12. Schematic cross-sectional view of a condensed ice samatel|
The widths of the arrows represent the rates of reaction or diffusion.

Assuming that the rate of hydrolysis is equal foyQHlocated
in the interfacial region and for #0 making up the bulk of

thicknessl, we may write
t;\ [k
(AL

h tik/k)
| t,
The calculated values féraccording to eq &)(c), are shown
in Table 5. We thus have used three different methods to asses
the thickness of the interfadeusing eqgs 4, 7, and 8. On C ice
samplesh was calculated using all three methods, whereas on

®)

B and SC samples method (c) using eq 8 has not been used

because of the large value bf

Table 5 summarizes the calculated values for the interfacial
thickness for C*, C, B, and SC ice samples. The valueshfor
calculated according to eq 4 using the experimental value for

Xucr and eqs 7 and 8 are in reasonable agreement. For C

samples, eq 4 obtaints values larger by up to a factor of 2

compared to those based on kinetic arguments (eq 7), which

may be related in part to the factor of 2 uncertainty in the

reaction rates R-1 and R-2 discussed above. One reason ma

be thatXuc at the interface is underestimated by assuming it
to be representative for the bulk. Huber et3%aleported
measurements of relatively high HCI concentrations (0.2 wt %)

near the ice surface for samples that had been in contact with
aqueous solutions. In summary, the use of eq 7 reveals a

substrate dependencelofFor single-crystal ice at 190 K is
~100 nm;his ~200 nm on condensed ice and. um for bulk

ice. Owing to the narrow temperature range, no dependence of
h on temperature could be observed. Perhaps surprising is the

are the thicknesses of the interfacial region and the sample, respectively.

relatively large value oh on all three studied ice substrates as
far as the HCl/ice interfacial region is concerned. This result
should be kept in mind when studying interfaces using
spectroscopic investigations of ultrathin samples at similar
temperatures.

Diffusion Coefficient D for HCI in Ice . Fick’s First Law.
We interpret our data by identifying the kinetics of the gas/
condensed phase loss process of HCI givenFbywith the
interface/bulk process described by the laws of diffusion. Fick’s

Sirst law, eq 9, describes a stationary process and was used to

aC(x,1)

J= _DHCIT

9

interpret the data obtained in RPEs by settiregual toF,. In
eq 9,Jis the net flux of HCI through the plane given by the ice
sample Dy is the diffusion coefficient of HCI, andC(xt)/ot
is the concentration gradient across the ice sample. We limit
the following discussion to only one-dimensional transport. The
measurement of the spatial distribution of HCI in the interface

region of thickness is not possible using the present experi-

¥nents. As an approximation, the gradient of the concentration

in eq 9 may be expressed by the known concentration of HCI
taken up into the volum¥, of the interfacial region divided
by its thickness, thereby neglecting the HCI concentration built
up in the bulk by the slow diffusion process during prior HCI
doping:

0C(xt) _ C(O) — C(ht) _ N(HCI)

ox h V,.h (%)
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TABLE 6: Diffusion Coefficient Dyc as a Function of the Type of Ice, Calculated According to Fick's First Law (Eq 11) and
Fick’'s Second Law (Eq 12) atT = 190 K&

Drci [cm? s

ice h [nm] F. [molecule s*cm?| Xucl Fick’s first law Fick’s second law
scC 100+ 10 (2+ 1) x 101 (1.0£0.3)x 1073 (4.0+1.0)x 104 (124 05)x 104
C 200+ 50 (7+3) x 10t (1.0+0.3)x 1073 (5.6+1.0)x 10718

B 1000+ 200 (74 3) x 104 (1.0£0.3)x 103 (2.84+1.0)x 10712 (214+1.0)x 10712

@ The value ofh is a mean value for a thicknegscalculated according to eq 7 (see valuefi¢b) in Table 5).

Thus, the flux of surface-to-bulk logg is proportional to the C(x,0)= C, h=x=0
steady-state concentratio(HCI)/V,r of HCI present in the _
interfacial region during continuous HCI flow or sufficiently Cx0)=0 x>h (12a)

fast repetitive injection like that in RPEs. Equation 10 is the gqyation 12 describes the HCI concentration in the condensed
defining equation foDyc) under the assumption of a linear HCI phase for cases in which the surface concentra@gft) =

concentration gradient across the interfacial region: N(HCI)(t)/Vir does not remain constant over time, as in the case
5 of CIONG, probing experiments. The data we obtained for

_ h _ Ah Y(Cl,) as a function of the time delay between doping and

Duci = Fu N(HCI) Vie=F, N(HCI) (10) probing (Figure 10) can be fitted by eq 12 if we interpret the

time-dependent value of(Cl,) as a probe for the interfacial
Using the observed values &i(HCI) and egs 4 and 10, we concentration of HCl, expressed@t) assumed to be constant
obtain over the interface thickness By setting the values df(b) found
for SC and B samples from Table 5, we obtain the following
h , values forD: 2.1 x 1012 and 6.3x 1072 cn? s 1 for B at
Dua =Fo (X_) (4x 10 3) (11) 190 and 200 K, respectively. For SC, we obt&8in= 1.2 x
Hel 107 cm? s1 at 190 K, a value lower than that for B by 2
orders of magnitude. These values are displayed in Table 6 for
comparison with the ones calculated using eq 11. They agree
yery well with our previous estimation based on the solution
of Fick’s first law and the analysis of RPEs.

Comparison with the LiteraturéDiffusion of HCI in ice has
been studied in an atmospheric context by a wide variety of
methods. Unfortunately, a very wide range of values has been
obtained, largely owing to the wide range of water and HCI
partial pressures used. Figure 13 shows a synopsis of selected
values ofDycg in ice. In early work, Molina et &7 obtained a

with Dycy expressed in cAs1, FL in molecule cm2 s71, and
hin cm.

Equation 11 establishes the relationship between the measure
flux of surface-to-bulk los&, and the diffusion coefficieDyc
in ice, assuming a constant average HCI mole fraction in the
interfacial region such as is the case in RPEs at a sufficiently
rapid injection frequency.

Table 6 summarizes the values for the diffusion coefficient
of HCl in ice, calculated according to eq 11, using the value of

h(b) (Table 5) andXyc measured from co-deposition experi- s et e .
s of “synhel” HCIIO eraces Becase ofhe rge VS P10 5198 KOr-20 1S Lepesshe fatte
uncertainties, these values have to be considered as upper limits. . quid 1ay g
The nature of the substrate seems to have a strong influence o se of high HCI par_tlal pressures may have affected this resuit.
Dhci, with a difference of 2 orders of magnitude between values ore relﬁe“; e_xlpenm_e ntal studies yield values betweeﬁﬁl_o
for SC and B. The surface-to-bulk processes seem to be wellﬁ]ng 10 - Tofla :rtn;[hslitgnfggafg?; X_V;]Eg;r?zrs];ug)g:ﬁiz%tmg
described by Fick’s first law which assumes a constant HCI fOUI’]Hdc[I) to be approximately 5 1012 cn? 51 on I ice in

ion i ; ; HCl h
concentration in the gas phase, such as is approximately thethe temperature range of35 to —8 °C without an apparent

case in RPEs and in dope and probe experiments on the time .
scale from 0 to 600 s. temperature dependence. The latter results have been obtained

Fick's Second Lawin dope and probe experiments, the gas- by fitting diffusion profiles to spatially resolved concentration
phase HCI concentration over the ice surface is vanishing during measurements (depth profiles). Hom and Saifgcently found

CIONO; probing. We have seen above that Fick’s first law value of Dyey = 1.5 x 1071° m? s using ATR-IR
satisfactorily described the surface-to-bulk diffusion on the time spectroscopy on an ice film of th|cI§ness 0*4/”“-

scale over which-_ could be considered as constant (eq 1). Us_lng eq 11, we assume_tHaL.c. IS proport|ona_l toF, on
However, the time dependenceX{Cl,) swerves out of a linear ghf? time scalf?_ Qf ouDr exp;enments_. \;Ve tgus es;tlmate _thgt the
approximation at delays larger than 600 s (see Figure 10). Thela:r uesr'ct)rr:afge I(;teg:)OHéoif \?vre taZI?e Sur v?';\rluir?oroB T;‘gg(rll'ituué
fact that the HCl reservoir atop the surface is vanishing affects 5) gnd a sim?lgr value di. which comes verv close to the \?alue
the interfacial HCI concentration at long time delays in a way f th if-diffusi ’ﬁ. ient of kD i y . V-
outlined by Fick’s second law, which describes bulk diffusion ot the seli-difiusion coeflicient o IN macroscopic poly

D 10 ) en T
for cases in which the interfacial concentration does not remain crystall[ne ice (lQ .sz s at 200 K). The bu.lk diffusion

. . o of H,O in crystalline ice has been explored previously by many
constant over time. The solution of Fick's second law leads to

. . ey researcher’~43 Microtome and scintillation tracer techniques
eq 12 with appropriate boundary conditicis: were used to measure the self-diffusion coefficients gf®,
c h h D,0, and 1O in the temperature range of 23873 K. The
C(xt) = =0 erf(x ) — erf(x ) (12) measured bD diffusion coefficients were very similar for all
2 27Dt 27Dt the isotopic probe molecules with a typical valuelbk 2 x
102 cm? st at T = 263 K Activation energies for bD
The initial conditions stipulate that the HCI concentratiort at  self-diffusion have ranged frofx = 12.4 to 15.7 kcal/mol. In
= 0 is confined to the interfacial region of thickndss addition to the isotopic tracer experiments, in situ X-ray
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Figure 13. Comparison of the diffusion coefficiemyc [cm? s7Y] in
ice measured in this work (hatched area) with literature valu€g: (
Thibert and Doming1997)2° (#) Wolff et al. (1989)% (®) Krishnan
and Salomon (1969%, (<) Wolff et al. (1989)%* (a) Horn and Sully
(1997)%

topography*®>“éindirectly yielded HO self-diffusion coefficients
ranging fromD = 1.8 x 102 cm s 1 to D = 6.8 x 10712
cn? st for T = 221-252 K. The correlation between the
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by the surface-to-bulk fluf,, whose value depends on the type
of ice as well as on the gaB, (D,0) strongly depends on the
substrate, with a value of (# 3) x 10 molecule cm?2s-ton
bulk (B) ice which is roughly 2 orders of magnitude larger than
that for single-crystal (SC) ice at 190 k(= (6 £ 3) x 1012
molecule cm? s71). The substrate dependence in the case of
HCI was much less pronounced, perhaps because the measured
values are getting close to the limit of the experimental
sensitivity of 5x 10" molecule cm? s~1. The rate law seems

to be first order in HCl in the region below T0molecules per
pulse and becomes zero order for higher HCI partial pressure.
This transition may be due to the “liquid” nature of the ice
surface!? inducing an artifact caused by the limiting value of
the evaporation rate occurring at doses where the HCl/ice
interface becomes liquidlike. The temperature dependence of
FL(HCI) andF_(H20) displays a positive activation energy

= 3.0+ 0.5 and 5.3t 0.7 kcal/mol, respectively. Such values
are consistent with those concerning@ self-diffusion, as
observed for instance on small ice particles with an activation
energyEa = 5.6 kcal/mol** but are significantly smaller than
other values reported in the literatdfe!5-59This shows the large
influence of the type of ice on the activation parameters for
H,0 self-diffusion.

The dope and probe experiments have confirmed the feasibil-
ity of the measurement as well as the valud~pfobtained in

isotopic tracer and X-ray topographical measurements strongly RPEs. They revealed additional structural properties of the ice,
argues for an interstitial diffusion mechanism. More recently, hamely, the presence of a thin interface where HCl is located

Livingston et al' investigated the diffusion of HDO into
ultrathin single-crystal K0 ice multilayersd < 100 nm) using

and thus immediately available for bimolecular reactions. The
thicknessh of the interfacial region was found to depend on

the laser-induced thermal desorption (LITD) technique. They the ice preparationh ~ 100 nm for single-crystal ice at 190

measuredD = 2.2 x 10716t0 3.9 x 10 cnmP st atT =
153—-170 K and derived an activation energykx = 17 kcal/
mol and a preexponential factor 8f = 4.2 x 10° cn? s,
The values oDy,o on ultrathin films of thickness<1 um are

K, h~ 200 nm for condensed ice, ahdv 1000 nm were found

for bulk ice. The trend irh with respect to the type of samples
can be correlated with increasing structural defects in the ice,
such as grain boundaries and dislocations, which certainly occur

larger by a factor of approximately 150 than those obtained on in higher numbers in polycrystalline ice compared to single-
macroscopic ices which could be attributed to surface-induced crystal ice at this length scale. However, one has to take into

perturbations leading to a “quasi-liquid’,B layer on ice.
Extrapolations to stratospheric temperatures |ddig ranging
from 1.5 x 1071510 9.6 x 10713 cn? st at 180 K toDy,0 =

4 x 1013 to 8.6 x 10710 cn? st at 210 K NMR
investigation* of the self-diffusion of HO on small ice
particles atT = 253-273 K indicate that the self-diffusion
coefficient in the “quasi-liquid” layer is about 2 orders of
magnitude larger than that in single-crystal bulk ice, with an
activation energy oEp = 5.6 kcal/mol.

Conclusion

account an uncertainty of a factor of 2 for

The diffusion coefficienDyc) in ice could be derived from
the value ofF (HCI). Dy was found to be in the range of:3
10 to 1.5 x 10712 cn? s7! at 190 K on macroscopic ice
samples, which is comparable to the values of Thibert and
Doming3® who found Dyc) to be 5x 10712 cm? s71 in the
temperature range 6f35 to —8 °C. Dy,0 Was estimated to be
2 orders of magnitude larger th@mc at 200 K, which comes
close to the value of the self-diffusion coefficient op®in
macroscopic polycrystalline ice (18 cnm? s™1 at 200 K9). F.
for HBr is smaller by a factor of 5 compared to the value for

In this work, we have presented an indirect way to measure HCl, which may be an indication that the diffusion coefficient

the molecular diffusion coefficierd in a solid frozen sample.
Despite the fact thdd has been obtained indirectly in the present

of HBr in ice is lower than that of HCI. As pointed out by
Barnaal and Slotfeldt-Ellingsef,this may be due to its larger

experiments by interrogating the gas phase only, the values welonic radius and lower mobility compared to HCI.

obtain are commensurate with those deduced from other

Our vapor-deposited ice samples of thickness of a few

techniques. We note that our method is highly sensitive to the micrometers are representative of the frozen particles encoun-
ice morphology and avoids any artifact due to the influence of tered in the atmosphere. HCI seems to be located in a region
the substrate on the interface which may be the case for opticalnear the surface at the extent of less than 1 um. From our

measurements on ice films thinner thanuin. RPEs are

present results, the HCI partitioning into ice particles such as

generally applicable, whereas dope and probe experimentscirrus clouds and PSC (Il) and its further availability for
require a rapid probe reaction such as R-1. It is not surprising heterogeneous reactions according to R-1 and R-2 may depend
that both RPEs, which measure the kinetics of loss from the on the size distribution of the particles as well as on their
gas phase, and dope and probe experiments measure consistelietime. For particles of mean radiims reaction R-1 would be
results ofF_ because the rate-controlling step is in both cases the main process occurring during their lifetime, giving rise to
the interface-to-bulk loss process, whose time scale is mucha Ck production which would depend on the amount of HCI
longer than the residence time in the reactor. RPEs highlight adsorbed on the particle. On the other hand, for particles of
bulk loss processes of gas-phase species on ice, characterizeshean radius larger thah, such as for PSC (Il) particlée$,
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hydrolysis, reaction R-2, may compete with reaction R-1 once

the near-surface region has been sufficiently depleted.
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