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Abstract

Experiments on the title compounds have been paddrusing a multidiagnostic stirred-flow
reactor (SFR) in which the gas- as well as the ensed phase has been simultaneously
investigated under stratospheric temperature domditin the range 175-200 K. Wall
interactions of the title compounds have been taknaccount using Langmuir adsorption
isotherms in order to close the mass balance batwleposited and desorbed (recovered)
compounds. Thin solid films at fim typical thickness have been used as a proxy for
atmospheric ice particles and have been depositeal 8 window of the cryostat where the
optical element was the only cold point in the defjan system. FTIR absorption
spectrometry in transmission as well as partial tatal pressure measurement using residual
gas MS and sensitive pressure gauges have beeoyadph order to monitor growth and
evaporation processes as a function of temperatsireg both pulsed gas admission and
continuous monitoring under SFR conditions. Thitids®1,0 ice films were used as the
starting point throughout, with the initial formati of a-NAT followed by the gradual
transformation ofa- = B-NAT starting at 185 K. NAD was formed at once amgwhat
larger partial pressures of HN@eposited on pure @ ice. In contrast to published reports
the formation ofa-NAT proceeded without prior formation of an amarph HNQ/H,O
layer and always resulted if-NAT. For a- and B-NAT the temperature dependent
accommodation coefficienti(H,O) and a(HNQOs;), the evaporation flux {H-O) and
Je(HNO;) and the resulting saturation vapor pressuggHPO) and R(HNO3) were
measured and compared to binary phase diagrams N®DsyH,O in order to afford
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thermochemical control of the kinetic parameterse Tesulting kinetic and thermodynamic
parameters of activation energies for evaporatiey) (@and standard heats of evaporation
AH? of H,0 and HNQ for a- andB-NAT, respectively, led to an estimate for the tiek
standard enthalpy difference betweenandp-NAT of -6.0 £ 20 kJ/mol in favor of-NAT,

as expected, despite a significantly larger valti&Eg for HNO; in a-NAT. This in turn
implies a substantial activation energy for HN&commodation im- compared t@3-NAT
where BE.{HNQ3) is essentially zero. The kinetici(HCI), L(HCI)) and thermodynamic
(Peo(HCI)) parameters of HCI-dopedi- and B-NAT have been determined under the
assumption that HCI adsorption did not significaraffect a(H,O) anda(HNO3) as well as
the evaporation fluxeJH20). 2(HCI) and R{HCI) on botha- andp-NAT are larger than
the corresponding values for HN@cross the investigated temperature range bufisegmtly
smaller than the values for pure®ice. This means that once contaminated with H€l t
“impurity” HCI will persist along with HNQ upon complete evaporation of the atmospheric
ice particle. We comment on recent laboratory tesalolving the HN@H-O system using
Chilled Mirror Hygrometers (CMH) in light of the gsent kinetic results.

1 Introduction

Heterogeneous processes taking place on ice cliouttee Upper Troposphere (UT) or on
Polar Stratospheric Clouds (PSC's) in the LowentBsphere (LS) have, since a long time,
been recognized as one of the major ozone depletiachanism (Solomon et al., 1986).
PSC’s consist of either particles of crystallin&iniacid trinydrate (NAT) (type la), ternary
H,SO/HNO3/H,0 supercooled solutions (type Ib) or purgOHice (type Il) (Zondlo et al.
2000) and are formed during the polar winter seagloen temperatures are sufficiently low
in order to allow HO supersaturation that ultimately leads to cloudnfttion in the dry

stratosphere subsequent to ice nucleation (P€8r,)1

Ozone is depleted during the Arctic and Antarcficirgy season after unreactive chlorine
reservoir compounds, CIONGand HCI, are converted into molecular chlorine aapidly
photolyze into active atomic chlorine during theiisg season (Solomon, 1990). The presence
of PSC'’s enables heterogeneous chemical reactimisas Reaction (R1), which represents
one of the most efficient stratospheric heterogaseeactions (Fried! et al, 1986; Molina et
al., 1985, 1987):
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CIONO,(g) + HCI(s) — Cl,(g) + HNO,(s) (R1)

Reaction (R1) is orders of magnitude faster thandbrresponding homogeneous gas phase
process (Molina et al., 1985) and the most importhitorine-activating reaction in the polar
stratosphere. The contribution to ozone destrudiiom Reaction (R1) is twofold: first, the
released molecular E£lrapidly photolyzes into atomic Cl establishing gcle of &
destruction and, second, the overall removal ofogén oxides from the gas phase by
entrapment of HN@in the ice, facilitates ©destruction through a gas phase catalytic cycle

similar to the one reported in Reactions (R2)-(R4):

X+0, -~ XO+0, (R2)
X0+0- X+0, (R3)
net: 0,+0 - O, +0, (R4)

where X is H, OH, NO, CI or Br leading to HONGy, CIO; and BrQ catalytic cycles,

respectively.

Reaction (R1) increases the concentration of BHINOthe condensed phase and when PSC
particles become sufficiently large and fall out thle stratosphere, active nitrogen is

permanently removed through denitrification whicsbeen observed in the field (Fahey et
al., 2001). Lower concentrations of nitrate owilgtihe absence of HNQOnhibit reactions

such as Reaction (R5):
Cl0 + NO, + M - CIONO, + M (R5)
which form reservoir species with longer atmosphegsidence times.

The study of HN@ interaction with ice in the temperature and pressanges typical of the
UT/LS is crucial in order to understand the dekind@tion process initiated by reaction (R1)
and its effectiveness in the overall ozone destrncinechanism. To this purpose, many
research groups (Voigt et al., 2000, 2005; Fahey.e2001; Schreiner et al., 2003; Gao et al.,
2004; Hopfner et al., 2006) have studied the coitipasof PSC’s using botlin situ and
remote sensing techniques both in the Arctic ad aglabove Antarctica. A balloonborne
experiment at first detected non-crystalline HN®drates (Schreiner et al., 1999), later both
ballonborne (Voigt et al., 2000; Schreiner et 2003) and aircraft campaigns (Voigt et al.,
2005) obtained unambiguous proof of the presencerysitalline HNQ hydrates (NAT) at
altitudes between 18 and 24 km in the Arctic. Thespnce of-NAT, through the
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identification of type la PSC’s, has been unambigly confirmed by Hépfner et al. (2006)
using the MIPAS instrument on a satellite platfdsyncomparison of measured limb-emission
spectra of polar stratospheric clouds with measungtical constants in the region of the
symmetric NQ peak aw, = 820 cn.

The existence of several crystalline hydrates tficnacid has been confirmed for several
years. Hanson and Mauersberger (1988) have idehtifivo stable hydrates, namely, nitric
acid monohydrate (NAM, HN@H,0) and nitric acid trihydrate (NAT, HN@®3H,0) by
measuring the vapour pressure of mixtures of iceHINO;. The observed vapour pressures
of HNO; and HO in the polar atmosphere indicate that only NATyrba of atmospheric
importance. Several distinct crystalline hydratesiNO3; have been found by Ritzhaupt and
Devlin (1991) in their work examining the infraratisorption spectrum of thin film samples.
By depositing the equilibrium vapours of aqueous®iiHolutions of different concentrations
at 293 K they observed nitric acid dihydrate (NAENO3;*2H,0), NAM and NAT. Ji and
Petit have performed an in-depth and ground-bregkimestigation on the thermochemical
properties of NAD (Ji and Petit, 1993).

Tolbert and coworkers have also reported infraresogption spectra of NAM, NAD and
NAT in a series of studies. Tolbert and Middlebrqd®90) have co-condensed calibrated
mixtures of HO/HNGO; vapours onto a cold support and assigned the ptiisoispectra of the
growing thin films to nitric acid hydrates (NAM, NAor NAT) according to the ratio of the
dosing gases. Koehler et al. (1992) have obseriedFburier transform infrared (FTIR)
absorption spectra in transmission of nitric acigirate thin films and measured their
composition using temperature-programmed desorpt{d®D). They confirmed the
previously assigned spectra of NAD and NAM. Theyravalso the first to observe two
distinct structures of NAT: a low-temperature andtastable structure they calledNAT
and a thermodynamically stable high-temperaturecgire name@-NAT. Middlebrook et al.
(1992) observed that NAD consistently convert3tblIAT when exposed to #D partial
pressures typical of the stratosphere and thergfovposed that NAD is also metastable

under stratospheric conditions.

Several other groups have investigated the streiavfirnitric acid hydrates and published
absorption spectra of botitNAT and -NAT in the mid-IR range, using grazing incidence
Reflection Absorption IR spectroscopy (RAIRS) (Ztmet al., 1998; Zondlo et al., 2000;
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123 Ortega et al., 2003; Ortega et al., 2006; Herré.e2006; Escribano et al., 2007) and FTIR
124 in transmission (Tso and Leu, 1996; Martin-Lloreetal., 2006; Ortega et al., 2006).

125 The study of the phase diagram of the syste@/HNO; showed evidence that NAD may as
126 well occur in at least two different structures yBeand Hansen, 2002). The two structures
127 are both metastable and convert into NAM and NApeteling on experimental conditions.
128 Grothe et al. (2004) also reported polymorphisnNAD where the formation ofi-NAD or
129 B-NAD strongly depended on the temperature of chyzsagion.

130 Compared to the molecular properties of the niged hydrates knowledge of the kinetic
131 parameters of trace gases interacting with HIN@rates is scarce. Middlebrook et al. (1992)
132 have used time-dependent FTIR monitoring of thecaptdensity of growing NAT films
133 during deposition to measure the uptake gdtnd HNQ on NAT. They reported a value of
134  ynat(HNO3) > 0.4 for HNQ net uptakey) on NAT at T = 197 K whereas the range 2.0%10
135 < yuar(H20) < 1.0x10? is reported for KO, respectively. The range measuredyfgs(H20)
136 corresponds to the HN(ressure used during the deposition. Using evéiparaxperiments
137 in a slow-flow reactor Biermann et al. (1998) meaduthe accommodation coefficient of
138 H>0 onB-NAT substratesqg_yar(H20), from the thickness of the substrate measurgdjus
139 FTIR absorption. They found no temperature depecelereporting lower limiting values of
140 ag_nar(H20) = (2.2 - 6.0)x18 in the temperature range 192-202 K.

141 Delval and Rossi (2005) have used a multidiagndktie reactor, similar to the one used in
142  this work, coupled with a quartz crystal microbaa{QCMB) for the measurement of the
143 evaporation rate of #0 from a-NAT and B-NAT thin films. They reported a positive
144  temperature dependence of_yat(H20) and a negative temperature dependence of
145  ag_yar(H20) in the temperature range 179-208 K.

146 Hanson (1992) also measured the uptake coeffiocfERINO; on NAT using a cold coated-
147 wall flow tube with HNQ deposited on ice condensed on the cold flow tubéswand
148 reportedynat(HNOs) > 0.3. A rapid uptake was observed which decikasethe surface
149 coverage or dose of HNGncreased. Furthermore, the observed steady saati@l pressure
150 of HNO; over the ice substrate is about a factor of 5drighan the HN@vapor pressure
151 over NAT and thus indicates that no hydrate wasadgt formed during the experiments.
152 Therefore, the observed uptake has most likely g¢oattributed to uptake on other cold

153 surfaces in the flow reactor.
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Reinhardt et al. (2003) reportgdat(HNOs3) = 0.165 in the temperature range 160 to 170 K.
They used a slow flow reaction cell coupled with IBRS (Diffuse Reflectance Infrared
Fourier Transform Spectroscopy) for the detectibadsorbed species and downstream FTIR

for the detection of gas phase HNO

Hynes et al. (2002) observed continuous uptakeN®ion water-ice films below 215 K and
time dependent uptake above 215 K, with the maxinuptakeyi.e(HNO3) decreasing from

0.03 at 215 K down to 0.006 at 235 K. They alsoeoled that the uptake of HCl at 218 K on
ice surfaces previously dosed with HN® reversible. Furthermore, the adsorption of HNO
on ice surfaces which contained previously adsoH@tindicates that HCl is displaced from

surface sites by HNO

In this work, the results for the kinetics of® and HNQ gas interacting with solid HNO
hydrates will be presented. The independent meamsme of the rate of evaporation,R
[molec ' cm®] and the accommodation coefficiemtof H,O and HNQ on a- andB-NAT
substrates is performed using a combination ofdstestate and real time pulsed valve
experiments. Results on the kinetics of HCI on HNf@drates will also be presented. All
experiments reported in this work have been perfdrmsing a multidiagnostic stirred flow
reactor (SFR), which has been described in detddrb (Chiesa and Rossi, 2013; lannarelli
and Rossi, 2014). In addition, all experiments hagen performed under strict mass balance
control with a knowledge on how many molecules did4, HCI and HO were present in the
gas vs. the condensed phase (including the vesdis)at any given time. These experiments

have been described by lannarelli and Rossi (2015).

2 Experimental Apparatus and Methodology

2.1 Experimental Apparatus and Growth Protocols

Figure 1 shows a schematic of the reactor useldisnvtork with the experimental diagnostic
tools and Table 1 reports its characteristic pataraeBriefly, it consists of a low-pressure
stainless steel reactor, which may be used undgc $all valves closed) or stirred flow (gate
valve closed, leak valves open) conditions. We alssolute total pressure measurement and
calibrated residual gas mass spectrometry (MS) tmitor the gas phase and FTIR
spectroscopy in transmission for the condensed eph@kin solid films of up to Zum

thickness are grown on a temperature controlleduBstrate and an average of 8 scans are

6
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recorded at 4 cthresolution in the spectral range 700-4000"an typical total scan time of
45-60 s.

The 1” Si window is the only cold spot in the reaatxposed to admitted gases and therefore
the only place where gas condensation occurs. &tisvs the establishment of a 1:1
correspondence between the thin film compositiahtae changes in the gas partial pressures
in the reactor. Experimental proof of mass baldras previously been reported for this setup
(Delval et al., 2003; Chiesa and Rossi, 2013; legifiand Rossi, 2014).

The introduction of HN@in the system forced us to slightly modify theeinkystem used
previously (lannarelli and Rossi, 2014) in ordetdke into account the fact that HA@® an
extremely “sticky” molecule that interacts with timternal surfaces of the reservoir vessel of

the inlet system as well as with the reactor waillhhe SFR (lannarelli and Rossi, 2015).

Similarly to the case of HCI| and.B (lannarelli and Rossi, 2014) we have described th
HNO; interaction with the reactor walls using a Langmadsorption isotherm and
determined the concentration of HA@ the ice sample after calibration of Hal@llowing
the methodology described in lannarelli and Ra&815). Table 2 reports the values of the fit
parameters of the Langmuir adsorption isotherms aibrthe gases interacting with the
stainless steel (SS304) internal surfaces of tHe. &ary combinations of HNgH,O and
HCI/H,O have been used to describe the interaction ohtidic probe gas with the vessel

walls in the presence of,B vapor.

The protocol for the growth af-NAT, B-NAT and NAD thin films has also been described
in lannarelli and Rossi (2015). Briefly, the pratbéor either hydrate always starts with the
growth of pure ice: the chamber is backfilled un8&R conditions with water vapor at flow
rates between 5x}0and 16° molec &', corresponding to a partial pressure eOHp(H0)
between 4.7 and 9.4xt0orr (both apertures open), with the Si substnede at temperature
in the range 167 to 175 K. The pure ice film grawsboth sides of the Si substrate to a
thickness of typically Jum and the KO flow is halted (lannarelli and Rossi, 2014). The
temperature of the support is then set to the vates for the growth of the desired HNO
hydrate at a typical rate of +0.3 K rifin

The growth protocols fou-NAT and NAD are similar and start after the defiosiof a pure
ice film: the temperature of the Si substrate ig lie the range 180 to 185 K for-NAT and
at 168 K for NAD. The sample is exposed for apprately 10 min at SFR conditions to
HNOs vapor at flow rates in the range 3 to 7¥1fnolecule & for a-NAT and 9x16*

7
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molecule & for NAD. The typical total dose of HNGadmitted into the reactor is 2 to 3%10
molecules and 4x10 molecules fora-NAT and NAD, respectively, with almost all of it
adsorbed onto the ice film. In both cases, we ofestre formation of a new phase after
approximately 5 min of exposure as shown in thengkaof the FTIR absorption spectrum.
The present experimental conditions seem to shatrib nucleation barrier is present éor
NAT and NAD growth, in agreement with previous wa(kanson, 1992; Middlebrook et al.,
1992; Biermann et al., 1998). In contrast, Zondlale (2000) have shown that crystalline
growth occurs via an intermediate stage of supéedobb,O/HNO; liquid forming over ice.
After exposure the temperature of the substratsetsto the desired value for the kinetic

experiments o-NAT or NAD as a substrate.

The protocol for the growth @@-NAT is different compared to NAD ara-NAT hydrates as

it only starts after the growth of arNAT film. After the HNG; flow has been halted, the
NAT/ice system is set to static conditions andtdmperature increased to 195 K. During the
temperature increase treNAT film converts to-NAT as shown by means of FTIR
spectroscopy (Koehler et al., 1992; lannarelli &usbsi, 2015), and once the conversion is
completed the temperature is set to the desirageval start the kinetic experiments usfig
NAT as substrate. Typical growth protocols undessnbalance control showing both the
FTIR transmission as well as the corresponding Mfhass of HNQ as a function of

deposition time have been published previouslyn@aelli and Rossi, 2015).

In all samples used for this work, we never hayeuse HNQ hydrate because we always
operate under conditions of excess of ice. Examshas been shown to have a stabilizing
effect on botro-NAT and-NAT (Weiss et al., 2016) and in all our experingetite presence

of excess ice has been confirmed from FTIR spékarmarelli and Rossi, 2015).

2.2 Experimental Methodology

The experimental methodology used in this workni€atension of the methodology reported
in lannarelli and Rossi (2014) where the combimatié real-time pulsed valve and steady
state experiments allowed the independent measuateshéhe rate of evaporation,[fmolec

s* cm? and the accommodation coefficiemtof HCI and HO on crystalline and amorphous
HCI hydrates.

For each gas X (X = ¥, HNG;, HCI) admitted into the reactor in the presencécef the

following flow balance equation holds at steadyesta
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I:in (X) + Fdes(x) + Fev(X) = FSS(X) + Fads,w(x) + Fads,ice(x) (l)

All terms are flow rates in molec'sF, is the flow rate of molecules admitted into the
reactor, kesthe flow rate of molecules desorbing from the teawalls, Rk, the flow rate of

molecules evaporating from the ice surfacg; the flow rate of molecules effusing through
the leak valve into the MS chamberngdy, the flow rate of molecules adsorbing onto the

reactor walls and fgs icethe flow rate of molecules adsorbing onto thefilce.

Under the assumption that the adsorption onto tléswinay be described as a Langmuir-type

adsorption, Eg. (1) may be expressed as follows fgais X:

V'Rin(X) + Nror * kdes,w(X) 0+ V- Rev(X) =

aw(X) - T

=V- Rss(x) + SW 4

ilm(X) - €
(1-6) [Xlss + Seim - 22X [X]g )

where V is the reactor volume in &niR,,(X) the rate of molecules X admitted in the chamber
in moleds'@m?3, Nror the total number of molecules X adsorbed onto riéeetor walls,
kaesw(X) the desorption rate constant from the reactalisnin s, 0 the fractional surface
coverage in terms of a molecular monolayeg(® the rate of evaporation of X from the ice
in moleds*em?®, RsgX) the rate of effusion through the leak valveninleds'@m?, S, and
Sum the surfaces of the reactor walls and the thim fih cnf, ow(X) and agm(X) the
accommodation coefficients of X on the walls andtms thin film, [X]ssthe concentration at
steady state in molec ¢inand © the mean thermal velocity of a molecule inSém
respectively. The mathematical derivation of Eq). if2ay be found in Supplement B of

lannarelli and Rossi (2014).

Pulsed valve (PV) experiments and Langmuir adsampotherms have been used in order to
measure ks yX) and o (X) (lannarelli and Rossi, 2014), leaving only twmknown
parameters in Eq. (2):eX) and asm(X). The Langmuir adsorption isotherms are shown in

Figure S1 of Supplement A whereas the parametethddoest fit are reported in Table 2.

In the case of kD, once the selected substrate has been growndaogdo the protocol
briefly described above, the film is set to a clmossmperature. After steady state conditions
are established, a series gitHpulses are admitted into the reactor. The expaiatecay of
the MS signal at m/z 1&{) is given by the sum of the measuiegd, the adsorption rate
constant on the wall&y) and the adsorption rate constagj onto the ice, namely = Kesc +
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ky + ke, in the aftermath of a pulse. The accommodatiaffiment agm(H.O) may be then
calculated according to Eqg. (3):

_ ke(H20)
afiim (H20) = 77 ®3)
wherew(H0) is the calculated gas-surface collision freqydncs® and is reported in Table
1.

The steady state MS signal established before ulse [series represents the calibrated flow
rate of molecules effusing through the leak vakg(H,0), in Eq. (1) and it may be used to

calculate the concentration at steady stated&¢cording to Eq. (4):

_ Fss(X)
[X]SS - keSC(X)V (4)

where ks{X) is the effusion rate constant of gas X out kvé reactor in$ (see Table 1).
Finally, [X]ssis used to calculate.&X) using Eq. (2).

Subsequently, the film is set to a higher tempeeatesH-O) is recorded and a series oitH
pulses applied to the same ice sample. This expetahprotocol has been repeated for each

measured point in the temperature interval of eger

Under the present experimental conditions, PV awrparts of HNQ leading to transient
supersaturation of HNfare hampered by excessive pulse broadening, maisalgy owing
to the strong adsorption of HN®@n ice and the stainless steel vessel walls tlekdemthe
observation and interpretation of a HNfulse difficult for low doses in the presencead.i

In this case the advantage of the PV techniqueraaldime method of observation is lost.

Therefore, in order to measure the kinetics of HN@s in the presence atNAT, B-NAT
and NAD ice films we have used the two-orifice noettirst described by Pratte et al. (2006).
It has been modified to take into account the adgon of HNQ with the internal walls of
the SFR. The two-orifice method has also been tsetkasure the kinetics o£@ on HNQ

hydrates in order to compare these results withabelts of PV experiments for.8.

The two-orifice (TO) method allows the separatidrine rate of evaporationsgX) and the
condensation rate constan{>k) of a gas X by choosing two different escapdices and
measuring the corresponding value of concentrgi@ss at steady state of gas X inside the
reactor. By alternatively opening the small orifi& and both orifices (M) (see Figure 1),
two steady state equations hold for a probe gadhiXhnare reported in Egs. (5) and (6) taking

into account the interaction with the reactor walls

10
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(ke(X) + kS (X)) - [X]Es + 22 (1 - 0) - [X]Es

N
306 Rev(X) + = kdes,w(x) -0 v

\"%
307 (5)

(ke(X) + KM .(X0) - [X]% + 2D (1 —9) - [x]%

N
308 Rev(X) + =7 Kaesw(X) 6 v

\'4

309 (6)

310 where the superscript indexes indicate small ariftmly (S) or both orifices (M) open,

311 respectively.

312 The kinetic parameters.RX) and k(X) are calculated from Eqs. (7) and (8) as follows

M . M _ .S . S
313 kC(X) — kesc(X) [X]gs_keslsl(x) [X]SS — kW(X) . (1 — e) (7)
[X]ss—[XIss
KM (X)-K3sc (X)) XIS [X]M N
314 R (X) = SemerecCD HssTiles  JMOT .30, L (X) - 0 (8)
[XIgs—[XIss \

315 This method leads to larger uncertainties for BRgjiX) and k(X) compared to the combined
316 PV and steady state method used before. The ré@soim the fact that two similarly large
317 numbers, namelyX]3s and [X]}%, are subtracted in the denominators of equatiars &)

318 and (8) leading to an uncertain value gf® and R(X). In other words, the noise in the
319 signal from the MS is such that the two data setgtfe small orifice and both orifices open
320 are sometimes insufficiently linearly independerit each other within experimental

321 uncertainty.

322 We also used the combination of real-time PV aeddyt state experiments using HCl as a
323 probe gas and applied the experimental method ibescpreviously in order to measure the
324  kinetics of HCI, R(HCI) anda(HCI), in the presence of-NAT and-NAT ice films.

325 Once the kinetics &X) and k(X) have been measured using the combination ofaRY¥
326 steady state experiments ;4 HCI) or the two-orifice method (HNO H,O), we may
327 calculate the equilibrium vapour pressugg(X) for each gas according to Eq. (9):

Rev(X)  RT

328  Pq(X) = ) Na 9

329 where R is the molar gas constant ir°&forr K* mol™, T the temperature of the thin film in
330 K and N, Avogadro’s constant in molec mbl
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3 Results

3.1 Crystalline a-NAT Thin Films

The kinetic results for the heterogeneous intevaatif HO and HNQ with a-NAT and NAD
thin films obtained in PV and TO experiments arspliiyed in Figure 2. Full symbols
represent PV experiments: full red circles corresbto experiments oo-NAT substrates,
and full green squares to experiments on NAD satetr Empty symbols represent TO
experiments with red circles representingOHand black triangles HNOresults. Pure ice
experiments are displayed as inverse blue triarfglesomparison purposes. The calculated
relative error for PV experiments is 30% whereasTio experiments we estimate a relative

error of 60%.

Figure 2a shows the measured accommodation caeftii,_nar(X), (X = HO, HNG;), as

a function of temperaturer,_nat(H20) in PV experiments (full red circles) decreasgesaa
function of temperature in the range 167-188.5 &tying from 0.08 at 167 K to 3.1xTaat
188.5 K, which is a factor of 30 lower tham¢H,O) on pure ice at the same temperature.
The scatter in the data is not an artifact anduis t the sample-to-sample variability of the
crystalline samples we use and the randomnesseotnystalline nucleation process. The
variability may be in surface composition, morplgpia@and smoothness as shown in previous
studies (McNeill et al., 2007; lannarelli and Ro2€i14).

ay—nat(H20) in TO experiments (empty red circles) yieldSatiént results. For temperatures
lower than 185 K it is equal tei,_nat(H20) on a-NAT in PV experiments within
experimental error. For temperatures higher thanK 8,_nat(H20) increases as a function
of temperature in contrast to results of PV experita (full red circles) varying from 8x£0
at 183 K to 0.08 at 193.5 K, being equabtg(H.0O) on pure ice within experimental error at
the highest temperature. This result compares &lpmwith the results of Delval and Rossi
(2005) which showed a positive temperature depeseefo,_yar(H20) in the temperature
range 182-207 K.ayap(H20) in PV experiments (green full squares) is equéhin

experimental error ta,_yat(H20).

a.—nat(HNO3) (black empty triangles) increases as a functicemperature in the measured
temperature range from a value of approximatelp®.& 181 K to a value of 0.13 at 188 K.
The narrow temperature range follows from the highertainties of the two-orifice method

at low temperatures and the increasingly rapid emion of a-NAT to B-NAT at high
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temperatures. These values are lower by a fact@rtof40 compared to the preferred values
indicated by the IUPAC Subcommittee on Gas Kin®mta Evaluation (Crowley et al.,
2010).

Figure 2b shows results for the rate of evaporag(X) in molec § cm* as a function of
temperature. The same symbols as for panel (aused. R(H>O) on a-NAT in PV
experiments is lower by a factor of 2 compared ¢¢HRO) on pure ice at temperatures lower
than 175 K. For temperatures higher than 175 §(H30) ona-NAT is lower on average by
up to a factor of 50 compared t@,f4,0) on pure ice. This result is very different comguha

to the case of HCI where the evaporation gDHakes place at a rate characteristic of pure ice
despite the presence of adsorbed HCI on the iceisaimd agreement with the findings of
Delval and Rossi (2005).

Re(H20) on a-NAT measured using the TO method is equal withipeeimental error to
Re(H20) obtained in PV experiments..f,0) on NAD is equal to within experimental
error to Ry(H20) ona-NAT. The full black line shows the rate of evap@ma of pure water

for the system in use, calculated from literatuesuits of the equilibrium vapor pressure
(Marti and Mauersberger, 1993) using= 1, whereas the dashed black line represents
extrapolated values of BH,0) for temperatures lower than 173 K using the esgion
provided by Mauersberger and coworkers (Marti aralidtsberger, 1993; Mauersberger and
Krankowsky, 2003).

Figure 2c shows the results fog(X) in Torr calculated according to Eq. (9) for bdt,O
and HNQ as a function of temperature. The same symbois panels (a) and (b) are used.
PeH20) of a-NAT calculated from the kinetic parameters measunePV experiments is
lower by a factor of approximately 3 compared ¢g(t-O) on pure ice at temperatures higher
than 180 K. For temperatures lower than 180(H2O) of a-NAT is close to B{H20) of
pure ice because the present samples are watefMohina, 1994) with a HN@ mole

fraction of less than 10%.

PeH20) of a-NAT calculated from the results of TO experimeistéower by up to a factor
of 10 compared to d{H»O) of pure ice in the temperature range 180-193.5AK
temperatures lower than 180 KgqP120) of a-NAT from TO experiments is equal within
experimental error todgfH>0) of a-NAT in PV experiments. 4HNO;) of a-NAT is lower
by a factor of 1000 in the temperature range 183 K8ompared to &H20) on pure ice.

13
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The values obtained for the equilibrium vapor puesshave been compared with the
HNOs/H,0 phase diagram constructed by McElroy et al. (1;98&mill et al. (1988); Molina
(1994). Figure 3 shows the results @NAT and metastable NAD films, PV and TO
experiments. The solid lines represent the coexisteconditions for two phases and the
dashed lines represent vapor pressures of liquitls @@mposition given as % (w/w) of
HNOs. The shaded rectangular area represents typidat ptratospheric conditions. The
slope m of the coexistence lines depends on tlierelifce of the enthalpies of sublimation of
the two acid hydrate species, namely NAM and NAGGoading to Eq. (10) (Wooldridge et
al., 1995):

1 _ A2
m= AHsubl AHsubl (10)
(n1 - nz) R
where AH! ,, andAH?,, are the enthalpies of sublimation efatid hydrates in kd/molg n

and n the number of water molecules of the respectivdrditg and R is the gas constant in J
mol* K. The slope of the ice/NAT coexistence line is aklted from Wooldridge et al.
(1995) as memat = (50.9 kd/mol)/R and the slope of the NAT/NAM gistence line is
calculated as farnav = (55.9 kd/mol)/R.

All a-NAT experiments lie in the existence area of aiacid trinydrate, as expected. On the
other handp-NAT under polar stratospheric conditions (shadedtangular area) is unstable
and starts to convert into the stapNAT phase (Koehler et al., 1992). The small nunifer
a-NAT samples we reported in the shaded gray arkatlser confirmation of results reported
in the literature. NAD samples are expected toclaser to the monohydrate region, given
their composition close to the,8:HNO; = 2:1 stoichiometry (lannarelli and Rossi, 2015).
Nevertheless, the pure ice phase is still domimardur samples and all our samples are
water-rich (Molina, 1994) with a HN mole fraction, even in NAD films, of less than 10%

3.2 Crystalline B-NAT Thin Films

The results fof3-NAT thin films obtained in PV and TO experiments displayed in Figure

4. Full and empty red squares represent PV and Ap@renents, respectively, with red
squares representing,® and black triangles HNQresults. Pure ice experiments are
displayed as inverse blue triangles for comparisbme calculated relative error for PV

experiments is 30% whereas for TO experiments tmate a relative error of 60%.
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Figure 4a shows the measurggl yar(X) as a function of temperatureg_yar(H20) in PV

experiments (full red squares) shows scatter simiilahe case ofiyy(HCI) on crystalline
HCI hexahydrate (lannarelli and Rossi, 2014). Afsthis case, a variation of up to a factor of
10 for results at the same temperature is obselWednay interpret this result like in the HCI
hexahydrate case where the scatter may be causethebyariability of the surface
composition, the morphology or the smoothness efitle surface (McNeill et al., 2007).
Similar results have recently been presented bysgaet al. (2013) regarding the nitric acid-

induced surface disorder on ice. In any case,eallits show thatig_yar(H20) is at least a

factor of 10 lower thaxi.(H,O) on pure ice in the temperature range 182-200 K.

ag_nar(H20) in TO experiments (empty red squares) on therottand, increases as a
function of temperature in the temperature rangg- 1198 K varying from 0.013 at 182 K to
approximately 0.1 at 198 K, being equal at the égghemperature tai.(H.O) on pure ice
within experimental error. This result is in costréo Delval and Rossi (2005) who report a
negative temperature dependencexpfyar(H20) in the temperature range 182-207 K. A
possible reasons for the different behavior of Pd &0 experiments may be intrinsic in the
nature of PV experiments: the ice surface is expésa series of pulses oL@ and the free
sites may be saturated before the introductioraoheonsecutive pulse. We suspect this may
be the reason for the discrepancy between PV anéxp@riments and we will consider the
results of TO experiments as the preferred valfi¢si® work despite the larger experimental

scatter.

Like ag_naT(H20), the values ofaxg_yar(HNOs) (black empty triangles) increase as a
function of temperature in the measured temperatamge from a value of approximately

0.015 at 182 K to a value of 0.08 at 195.5 K. Hosrethe values have a large estimated
uncertainty. These values are lower by a facta2 &6 10 compared to the preferred values
indicated by the IUPAC Subcommittee on Gas KinBtéta Evaluation (Crowley et al., 2010)

in the temperature range 190 to 200 K.

Figure 4b shows results for.RX) in molec § cm® as a function of temperature. The same
symbols as in panel (a) are used{(R,0) onB-NAT in PV experiments is lower by a factor
of 50 compared to &H-0) on pure ice in the temperature range 182-20AKn the case of
o-NAT, this result is very different compared to ttase of HCI where the evaporation of
H2O is not influenced by the presence of adsorbed ¢iClhe ice and takes place at a rate

characteristic of pure ice for all HCI concentrasaised.
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Re(H20) on B-NAT measured using the TO method is close tgHRO) obtained in PV
experiments, the former being approximately a facto2 higher. R{HNO3) on B-NAT
increases in the temperature range 182-195.5 K aviteeper slope compared tg(R.0),
the former being smaller by approximately a factér 1000 at low and 50 at higher
temperature compared te/4,0) of B-NAT. It varies from 2x1®at 182 K to 8.5x10molec
st cm®at 195.5 K.

Figure 4c shows the results fog(X) in Torr calculated according to Eq. (9) for bd#,O
and HNQ as a function of temperature. The same symbois panels (a) and (b) are used.
PeH20) of B-NAT calculated from the results of TO experimeistéower by up to a factor
of 10 in the middle of the covered T-range comparedR.(H.O) of pure ice in the
temperature range 182-195.5 KP0) of B-NAT calculated from the kinetic parameters
measured in PV agrees with TO experiments withipeermental uncertainty. Saturation
effects in PV experiments will affect both the ameoodation ¢) and evaporation &)
process to the same extent such thatsRould be invariant to the chosen experimental
procedure (PV or TO).

The scatter of B(Hz0) is of the same magnitude as the scattergafar(H20) and may
likewise be explained by an increase in the sutest@ghness or inhomogeneous nature of
the B-NAT surface owing to exposure to repetitive trensi saturation of pO in the

aftermath of each pulse.

Figure 5 shows the HNYH,O phase diagram with the results obtainedBMAT films: all
B-NAT experiments lie in the existence area of aisitid trihnydrate and the majority of points
are in the rectangular shaded area representirey golatospheric conditions. As already
mentioned3-NAT is the stable phase under these conditionsoamdesults agree well with
the literature (McElroy et al., 1986; Hamill et,dl988; Molina, 1994; Koehler et al., 1992).

3.3 HCI kinetics on a-NAT and B-NAT Thin Films

As already mentioned, we used a combination oftieed PV and steady state experiments
using HCI as probing gas in order to measure thetiis of HCI interacting witho-NAT and

B-NAT ice films.

The current experimental setup does not allow tbasurement of the kinetics of 3 gases at

the same time. We therefore had to make some asisunm@and/or simplifications in order to

16



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-247, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 5 April 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

484
485

486
487
488

489
490
491
492
493
494
495

496
497
498
499
500

501
502
503
504
505
506

507
508
509
510
511
512
513
514

Discussions

measure the unknown parameters of Eq. (2) for gashused. Specifically, we made the

following assumptions, both far-NAT and3-NAT substrates:

¢ Re(H20) on NAT remains unchanged in the presence of HCI
* aynat(H20) remains unchanged in the presence of HCI

* ayat(HNO3) remains unchanged in the presence of HCI

Under these assumptions, no additional measureménie heterogeneous kinetics ofCH

in the presence of HCI have been performed. We hmeasured the steady-state flow
FsdHNO3) before each HCI pulse series and used previausigsuredx,_yar(HNO3) and
ag_nat(HNO;g) from TO experiments oa-NAT and B-NAT phases in order to calculate
Re(HNO3) and R{HNOs;) according to Egs. (8) and (9) in HCI-PV experitsess well. As a
net result we measure or calculate the followingekt parameters fan-NAT and 3-NAT
substrates: RHCI), ayar(HCI) and R(HNO3) in the presence of HCI.

Figure 6 displays the results of HCI-PV experimenisi-NAT substrates. Full red diamonds
represent the results for HCl whereas full blackcles represent HNQresults using

og_naT(HNO3) from TO experiments ands§HNO;3;) from HCI-PV experiments. Empty
black triangles represent results for HNi@ TO experiments reported from Figure 2 for

comparison.

Figure 6a displays the measured yat(X) as a function of temperature,_yar(HCI) (full
red diamonds) slightly decreases as a functioreofperature in the range 177.5-199.5 K,
being equal tanic.(H20) on pure ice at low temperatures and lower bgciof of 4 at T =
199.5 K. Values ofr,_nar(HNO3) measured in TO experiments in the absence of M€l
reported as empty black triangles. We used thekmwadn order to calculatecRHNOs) and
PeHNO3) in the presence of HCI.

Figure 6b shows results for,RX) in molec §* cm™ as a function of temperature. The same
symbols as in panel (a) are used(RCI) on a-NAT slightly increases as a function of
temperature and is lower by a factor of 1000 inrtteasured temperature range 177.5-199.5
K compared to R(H20O) on pure ice. R(HNOs) increases as a function of temperature,
varying from 1x18 at 181 K to 9x1®molec §* cm® at 189 K. The presence of HCI does not
have any effect on the rate of evaporation of HN@mM a-NAT films: we observe no
increase of l{HNO3) following HCI pulses and &HNO3) in the presence of adsorbed HCI

molecules (full black circles) is identical withexperimental error to J{HNO3) of a-NAT
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films free of adsorbed HCI (empty black triangledhwever, this result is contingent upon
the assumptions listed before, nameljy yar(HNOs) being independent of the presence or

absence of HCI.

Figure 6¢ shows the results fai(fX) in Torr calculated according to Eq. (9) for b¢i#Cl and
HNO; as a function of temperature. The same symbols gmnel (a) and (b) are used.
Pe(HCI) of a-NAT is lower by a factor of approximately 100 coangd to B{H2O) on pure
ice in the measured temperature range. A comparngitin the results of &HCI) of
crystalline HCI hexahydrate and amorphous H@DHmixtures calculated using the same
experimental methodology (lannarelli and Rossi,40dhows that &HCI) of a-NAT is
lower by a factor of approximately 10 compare tgHCl) of crystalline hexahydrate in the

overlapping temperature range (177.5-193.5 K).

Pe(HCI) of amorphous HCI/ED mixtures is higher by a factor of 20 compare®4gHCI) of
a-NAT at low temperatures (177.5 K) with the diffece decreasing at high temperatures
(199.5 K) where R(HCI) of the amorphous mixture is only a factorddfiigher than &(HCI)

of a-NAT.

PeHNO3) on HCIl-dopedi-NAT films is equal within experimental error te4£HNO3) of a-
NAT films free of adsorbed HCI. It is lower by acfar of 1000 compared to.gH-0) on

pure ice in the measured temperature range 172519

Figure 7a (symbols have the same meaning as irrd-iglushows the measured values of
ag_nat(X) as a function of temperatureg_yar(HCI) slightly decreases as a function of
temperature in the range 177-201 K, varying frof28.at 177 K to 0.016 at 201 K. As for
the case ofa-NAT, we assume thabg_nar(HNO3) (empty black triangles) equals the
measured values afg_nar(HNO3z) on HCI-free3-NAT in two-orifice experiments whose

results are displayed in Figure 4a.

Figure 7b shows results for the &) in molec §* cm™® as a function of temperature. The
same symbols as in Panel (a) are usedHRI) on -NAT is equal at higher temperature
within experimental uncertainty ta.lRHCI) ona-NAT and is lower by a factor of 1000 in the
temperature range 177- 201 K compared ¢¢HRO) on pure ice. R(HNOs) on HCI-doped
B-NAT films, being equal within experimental errar R.{HNO3) of undoped3-NAT films,
indicates that adsorbed HCI molecules seem to haveffect on the rate of evaporation of

HNO; from B-NAT films in the presence of HCI as well.
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Figure 7c shows the results fai(fX) in Torr calculated according to Eq. (9) for b¢4Cl and
HNO; as a function of temperature. The same symbols gmnel (a) and (b) are used.
PeHCI) of B-NAT is lower by a factor of approximately 100 coangd to B{H2O) on pure
ice. R(HCI) of B-NAT is identical within experimental uncertainty B.o(HCI) of a-NAT in
the measured temperature range 177-201 K and tme sdbservations are valid when
comparing B{HCI) of crystalline HCI hexahydrate with amorphotCIl/H,O mixtures

(lannarelli and Rossi, 2014).

4 Discussion

In this work we have been able to grow HNBOydrates at temperatures relevant to the
stratosphere with tight control on the depositionditions whose details have been published
by lannarelli and Rossi (2015) as far as the matanbe is concerned. Direct crystallization
of a-NAT film on pure ice has been observed upon HN@position. Under the present
system condition§-NAT was never observed to crystallize directly ngdNO; deposition
but was always obtained as the stable form aftavesion ofa-NAT films. Temperatures
higher than 185 K are necessary for the conversiomccur on the time scale of the

experiments we have performed.

a,—nat(H20) shows two distinct temperature dependent regidsetemperatures lower than
180-185 K it decreases as a function of temperatsehing a minimum of approximately
0.003 at 185 K as displayed in Figure 2a. For teatpees higher than 185 I&,_nyar(H20)

increases as a function of temperature, being eéqual{(H-0) on pure ice andg_ya1(H20)

at 193.5 K. An Arrhenius representation of the evapive flux J(H.0) (see Table 1) oa-

NAT shows two distinct regimes of temperature dejeece, as well. Figure 8 reports the
results for PV and TO experiments as full and empty circles, respectively. We keep the
two data sets separated for clarity, but the resolt PV and TO experiments are

indistinguishable within experimental uncertaimytiie measured temperature range.

Egs. (11) and (12) present the two-parameter reptasons of the Arrhenius lines for
Je(H20) displayed in Figure 8. Equations (11) and (EYresent the solid and dashed red
lines, respectively, with R = 8.314 J*tnol™* used throughout:

(75.3 £ 9.9)x103

181 K< T < 193.5 K:log]Je,(H,0)[molec:-cm™2-s71] = (35.9 + 2.8) — 03 RT

(11)
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(3.5 + 4.2)x103

167 K< T <181 K:log ey (H,0)[molec- cm™ - s7'] = (15.1 + 1.2) — ===

12)

Table 3 reports a synopsis of the kinetig)(as well as the thermodynamic.gPparameters

calculated for all experiments of the present work.

The considerable scatter in the data, reflectatiérsignificant uncertainties of Egs. (11) and
(12), may be explained by the variability of thefaoe composition of the film as well as the
surface roughness and surface disorder of the ubstmtes, in analogy to the HCI case
(lannarelli and Rossi, 2014). For HCI the scattethie kinetic data was thought to be due to
the stochastic nature of crystal growth of hexahtalfilms compared to amorphous mixtures

of HCI/H,O of similar composition and does not represeatk bf reproducibility.

Moussa et al. (2013) have observed variations ofoup factor of 10 of the HN§Ovapor
pressure of “smooth” ice samples exposed to EE®a result of induced surface disorder.
The exposure of the present samples to repeatdd Hi@ supersaturation during PV
experiments may lead to surface increased disalgeto liquefaction and/or reconstruction.
In the high temperature regime we calculate anvatitin energy for bD evaporation
Eel(H20) = (75.3 + 9.9) kJ md} and in the low temperature regimes almost no &zaipre
dependence is observed with an activation eneng{$® evaporation of §(H-0) = (3.5
4.2) kJ mot.

The discontinuity in the Arrhenius representatidnkimetic parameters has already been
observed in pure ice as reported by Chaix et 8Bg); Delval et al. (2003); Delval and Rossi
(2004); Pratte et al. (2006). The temperatureshatiwthe discontinuity occurs are higher in
previous work: Delval et al. (2003) reported a digtuity at approximately 208 K in their
work on HO evaporation from HCl| and HBr doped ice substratesa quartz crystal
microbalance study of 0 evaporation from pure ice the change in slopepsrted at 193 +
2 K (Delval and Rossi, 2004) comparable with thegerature of 188 + 2 K reported by
Pratte et al. (2006) in their work on the kinetafsH,O evaporation and condensation on

different types of ice.

No clear explanation for this break has yet beevamaced. The discontinuity may be an

indication of the formation of a new disorderedusture similar to the quasi-liquid layer

induced by HCI as proposed by McNeill et al. (2006)e observation of the break in pure ice

samples as well, however, strongly suggests thatotiset of a quasi-liquid layer may be

independent of the presence of HCI and that th®rdyiand evolution of the sample play a

role in the arrangement of the structure, similaolythe case of the presence of cubic ice at
20
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high temperature in common hexagonal ice thatlfirtatned out to be a perturbed hexagonal

ice structure (Kuhs et al., 2012).

In the case oB-NAT we have good agreement between PV (dotted hne TO (solid line)

experiments of (H,0) as shown in the van ‘t Hoff representation digpd in Figure 9.

As already mentioned, the ice surface is exposed $eries of pulses of.,B during PV
experiments. The free sites may be saturated b#fermtroduction of each consecutive pulse
resulting in the discrepancy between PV and TO exmants. We therefore believe that the
results from PV experiments are more precise bsg Eccurate owing to partial surface
saturation whereas the TO experiments are lesssprbat more accurate. We chose the latter
as the preferred values of this work despite thgelascatter in the data compared to the PV

experiments.

Egs. (13) and (14) reports the best linear fitTlerand PV experiments displayed in Figure 9,

respectively:

(76.7 +17.7)x103

log Pey (H0)[Torr] = (16.7 + 4.9) — 2.303 RT

TO — Preferred (13)

(75.5 + 11.1)x103

log Pey (H,0)[Torr] = (16.7 + 3.0) — 2.303 RT

PV (14)

The enthalpies of evaporation ob® on B-NAT films calculated for the two measurement
techniques ardH2, 1o (H,0) = (76.7 + 17.7) kJ mdi for TO andAH?, py(H,0) = (75.5 +
11.1) kJ mol for PV experiments, respectively. The results slymed agreement between
the two experimental techniques despite the exmariah scatter. The average value of
AHY,(H,0) = (76.1 + 14.4) kJ mdl is slightly higher, as expected, but not signifity
different compared ta-NAT films. Figure S2 of Supplement C displays a'v&loff plot for
a-NAT with AHZ, (H,0) = (70.3 + 14.1) and (56 + 5.1) kJ ritdior TO and PV experiments,
respectively. Both values are identical within expental uncertainty whose average yields
AHY,(H,0) = (63.4 + 9.6) kJ mdl and which leads to a standard enthalpy of formatio
slightly larger than that f3-NAT, as expected.

However, we do not have good agreement betweenndOP& experiments for the kinetic
parameters of3-NAT: a discrepancy is observed in the results hef two measurement
techniques regardingeRH-0) anda(H,0) for B-NAT. Figure 4 already shows a discrepancy
in a(Hx0) (full and empty red squares in panel a) with rémsults of TO experiments being

larger by a factor of approximately 5 at 185 K gmsing to a factor of 100 at 200 K compared
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to PV experimental results across the whole tentperaange. The same qualitative trend,
albeit to a smaller extent, is observed fog(R.O) (Figure 4b) and the Arrhenius
representation ofe{H,O) on -NAT clearly shows the discrepancy between theediffit

measurement techniques.

The two-parameter representations of the Arrhelmes displayed in Figure 10 are reported

in Egs. (15) and (16) for TO (solid line) and P\otfgd line) experiments, respectively:

(77.0 + 4.9)x103

logJey(H;0)[molec-cm™ -s7'] = (36.0 £ 1.3) — 2.303 RT

TO — Preferred  (15)

(52.1 + 2.4)x103

logJey(H,0)[molec-cm™ -s7'] = (28.7 £ 0.7) — 2.303 RT

PV (16)

Contrary to the case afi-NAT, no discontinuity in J(H2O) has been observed in the
Arrhenius plot of3-NAT displayed in Figure 10. We attribute the degmancy between PV
and TO experiments to the fact that the former tmagubject to partial saturation of uptake
and evaporation in the aftermath of transient sgiaration (PV). A look at the results of
aq_nat(H20) in Figure 2a reveals that the results of the @surement technique agrees
well with the PV technique in the overlapping temgtere range. However, this plot displays
a “hole” of a factor of 20 centered around T = #88 K with respect to the values at the
fringes of the temperature interval. There aredatibns that PV experiments arNAT
substrates may yield lower values af_nar(H20) at high temperatures in excess of
approximately 182 K (Figure 2a), similarly to thesults forag_yar(H20) for aB-NAT film
(Figure 4a). This might be an indication that P\p@xments are very sensitive to the
interfacial nature of the sample. In other wordansient supersaturation (PV) and “passive”
steady-state (TO) experiments may address diffgnegerties of the gas-condensed surface
interface. This is the first time such a large dipancy between two kinetic measurements
techniques has been observed. As expected, thgnamic results are not affected for
reasons of microscopic reversibility because battwdrd € (H2O)) and reverse reactions
(Je(H20)) are affected to the same extent which canagigon the calculation of the values
of thermodynamic parameters.

Figure S3 of Supplement C shows the results of Jpéements using pD as a probe gas on
o-NAT and B-NAT substrates. Red and black circles represemtdiércay of series of two
pulses oro- andB-NAT, respectively, with the first and second pubsieeled accordingly. In

the case ofi-NAT films (red circles), the decay of the secondsps is equal to within 20-
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30% of the decay of the initial pulses, and onlaifew cases at temperatures higher than 180
K is the decay of the second pulse significantby@r than the initial pulse. In the caseBef
NAT films, the decay of second pulses is consisfesiower than the decay of first pulses in
most cases. This indicates that the surfacefddAT films exposed to a transient

supersaturation of #D vapor is more prone to saturation comparea-hAT.

As mentioned before, we consider the results ofékPeriments as preferred for this work
despite the larger uncertainty. The enthalpiesvaperationAHQ, o (H,0) = (76.7 + 17.7) kJ
mol™* and the activation energy for evaporatia(lf,0) = (77.0 + 4.9) kJ mdl are equal to
within experimental uncertainties. We calculateaativation energy of accommodation for
H,0 onB-NAT of E;cd{H20) = E(H20) -AHgV‘TO(HZO) = 0. Therefore, no activation energy
is required for the accommodation process @OHon B-NAT which is an expected
experimental outcome. In contrast, the activatinargy for HO accommodation oo-NAT

is computed as £{H-0) = E.(H20) - AHgvlaverage(HZO) =75.3 - 63.4 = 11.9 kd/mol when
using a value averaged over the PV and TO expetiofed8.4 kd/mol forHg, average (H20).
This small, but possibly significant positive aetiion energy is consistent with the

temperature dependenceogf ya(H20) displayed in Figure 4a for the TO experiment.

Re(H20) on botha-NAT andB-NAT is smaller compared to.&H-O) on pure ice. This is in
agreement with the results of Tolbert and Middlebr¢1990) and Delval and Rossi (2005)
who showed that ice coated with a layer of NAT @rafes at a slower rate than pure ice. On
the other hand, our results are in contrast with fthdings of Biermann et al. (1998) who
report that no significant decrease of thg&Hevaporation rate was observed in HN{@ped

ice films. The discrepancy may be due to the lond4dNoncentration used by Biermann et
al. (1998) compared to our experimental conditiaaswell as probable wall losses due to
HNOs-wall interaction which was not taken into accoimntontrast to the present approach .

Delval and Rossi (2005) report that the initial gwation of HO in their experiments was
always that of pure ice and thatf1,0) gradually decreases with the evaporation of &xce
H,O and the increase in the average HNf@ble fraction. They refer to this difference as
“high and low evaporation rate” regime of®

Our observation is somewhat different(Ri2O) ona-NAT and3-NAT is smaller compared
to Re(H20) on pure ice over the whole temperature range@nall samples. The reason lies

in the fact that the average mole fraction of HNIDthe present samples is higher by at least
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700 a factor of 10 compared to the one used by Delwal Rossi (2005). Therefore all our
701 samples are in the “low evaporation rate” regimédgd and our results compare well with
702 the results of Delval and Rossi (2005) once thegpevate excess B and reach the “low

703 evaporation rate” regime.

704  Figure 11 displays both the Arrhenius plots gfHNOs) (A) and the van ‘t Hoff plots of
705 Pe(HNOs) (B) for the interaction of HN@with a- and -NAT films. We would like to
706 briefly remind the reader that only TO experimentge possible for HN@experiments. The
707 following equations define the corresponding stitidines based on the present
708 measurements. FO-NAT (Egs. (17) and (18)) arfgtNAT films (Egs. (19) and (20)) we find

709 the following results:

710 a-NAT: l0gJey (HNO)[molec- cm™ - s71] = (62.3 + 7.8) - W2OEZDHA0 (47
711  logP.,(HNO,)[Torr] = (29.3 + 12.0) — (2862424107 (18)
2.303 RT
3
712 B-NAT: log Jew (HNOy) [molec - cm™2 - 1] = (40.6 + 2.4) — C2OLEPAT ()
3
713 logP,, (HNOs)[Torr] = (19.8 + 3.3) — &83£1200A00 (20)

2.303RT

714 We calculate an activation energy for HN@vaporation ona-NAT and B-NAT of
715 Ee(HNOs) = (178.0 + 27.4) kJ mdland E(HNOs) = (102.0 + 8.6) kJ mdl respectively.
716 These values are higher compared §gHECI) = (87.0 + 17) kJ mdl, the activation energy
717 for HCI evaporation on hexahydrate. This resultwishin expectation given the higher
718 hydrogen bond energy of HN@ompared to HCI with §O.

719 Similar to the case of #, no activation energy for accommodation of HN\ID B-NAT is
720 required since the evaporation activation energfH®Os) = (102.0 + 8.6) kJ mdiand the
721 enthalpy of evaporationHS, (HNO,) = (96.5 + 12.0) kJ mdiare equal within experimental
722 uncertainties. In contrast, a substantial activeéinergy of HO mass accommodation of 49.4
723 kJ/mol is calculated from £(H,0) = E.(H:0) - AHY, 1o(H,0) = 178.0 — 128.6 = 49.9
724 kJ/mol which may have to do with the fact tllalNAT is metastable owing to its unstable

725 H,0 crystal structure.

726 The thermodynamic parameters obtained above, naniédy(H,0) and AHZ,(HNO3) for
727 both a- and3-NAT may now be used to estimate the relative Btalof a- vs. B-NAT as

728 follows. The evaporation/condensation equilibriuror fboth forms of NAT may be
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represented in equation (21) whéi#H,, = 3AH? (H,0) +AHY,(HNO3) in agreement with

the relevant stoichiometry:
HNOz03H,0(s) 5 3H,0(g) + HNQY(g) (EAHe) (21)

For a- and B-NAT we obtain SAHe % and SAH>* equal to 318.8 and 324.8 kJ/mol,
respectively, when we use the average of the TORMdxperiment for D and the TO
value listed above for HN{evaporation. Specifically, we have used (63.46) and (128.6

+ 42.2) for HO- and (76.1 + 14.4) and (96.5 + 12.0) for HN&aporation for- and 3-
NAT, respectively, as displayed above. Finally, aeive at the difference&eAHe > -
SAHP® = -6.0 + 20.0 kd/mol which shows thHNAT is marginally more stable tham-
NAT. This is true despite the fact that the staddzgat of evaporation for HNGn a-NAT
(AHY,(HNOy)) is significantly larger than fg3-NAT by 32.1 kJ/mol which may be expressed
by the fact that the calculated “affinity” of HN@owards ice in the-NAT is larger than for
B-NAT as claimed by Weiss et al. (2016). Howeveis fact only addresses the behavior of
HNO; without taking into consideration the partial sfiyo of the H,O network in the total
crystal structure. In view of the large uncertajntyainly brought about by the TO
experiment, we regard this result as an estimatthaotrue standard enthalpy difference
betweern- andf3-NAT.

The results of HCI kinetic measurements displayed-igure 6 and Figure 7 show that
Re(HCI) is always higher than LHNO3), with the latter being equal regardless of the
presence of absorbed HCI molecules in the condepbade. Hynes et al. (2002) also
observed that HCI uptake on HMGQlosed ice was always nearly reversible in their
experiments, in contrast to HCI uptake on clean Al¢hough the same HN{Odosed ice
surface has been dosed repeatedly at differentcii@entrations by Hynes et al. (2002), the
degree of reversibility was found to be unaffedigdprevious experiments. In contrast, we
never observed such reversibility. In our experiteehCl always remained on the surface,
evaporating at a rate only slightly faster than HNOth fora-NAT andB-NAT and similarly

to R(HCI) of crystalline hexahydrate (lannarelli and sRip 2014). However, a possible
influence of the temperature cannot be excludetisitime, as the experiments performed by
Hynes et al. (2002) have been performed at digfifigher temperatures, namely in the

range 210-235 K, compared to the experiments digclisere.
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Similar behavior has been observed by Kuhs et28l1%) with respect to the presence of
cubic ice or “ice §’ in common hexagonal icg.ll,, is expected to be the prevalent ice phase at
temperatures relevant to atmospheric processingthermodynamic grounds. Apparent
formation of [ has been observed over a wide temperature ranges@dence pointed
towards the fact that the resulting phase is nat mubic ice but instead composed of
disordered cubic and hexagonal stacking sequeKcbs. et al. (2012) studied the extent and
relevance of the stacking disorder using both weutis well as X-ray diffraction as indicators
of the “cubicity” of vapor deposited ice at temgearas from 175 to 240 K and could simply

not find proof for the formation of cubic iceunder atmospheric conditions.

Kuhs et al. (2012) discovered that even at tempegatas high as 210 K, the fraction of cubic
sequences in vapor deposited ice is still approbdmal0%. The rate of decrease in cubicity
depends on the temperature, being very slow at @¢emtyres lower than 180 K and
increasingly rapid at temperatures higher than K8burthermore, even at high temperatures
the complete transformation into pure igevias never observed, with a few percent of cubic
stacking sequences still remaining in the ice, eafter several hours at 210 K and
disappeared only upon heating to 240 K. In addjttbe combination of neutron and X-ray
diffraction experiments of Kuhs et al. (2012) candistinguish the difference between the
bulk and the interface whereas our measurementitpeds, in particular PV experiments, are

very sensitive to the nature and properties oktraple interface.

In light of these results we speculate that thesgmee of two hydrates of HNOnamelya-
NAT and 3-NAT, may depend on the cubicity or stack-disord&the ice upon which the
NAT grows. HNQ adsorbed on cubic ice tends to forno-NAT crystalline structures which
upon heating converts ®NAT while the ice loses part of its cubicity. Ttemperature at
which the conversion fromu-NAT to B-NAT is accelerated, T = 185 K, is the same
temperature Kuhs et al. (2012) report as the teatper at which the rate of decrease in
cubicity increases. Our hypothesis is that the &ifom of a-NAT or B-NAT may highly
depend on the environment in which the NAT phasevgrand on the presence of high or low

fractions of “|".

Figure 12 displays both the Arrhenius plots @fHCI) (A) and the van ‘t Hoff plots of
Pe(HCI) (B) for the interaction of HCI witla-NAT and 3-NAT films. As for the case of
HNO;, only TO experiments were performed with HCI agrabe gas. Full red circles and

black triangles represent the interaction of HGhwi- andB-NAT films, respectively.

26



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-247, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 5 April 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

791
792
793

794
795
796

797

798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817

818

Discussions

The following equations define the correspondingight lines resulting from the present
measurements. FOrNAT (Egs. (22) and (23)) arfgtNAT films (Egs. (24) and (25)) we find

the following results:

O-NAT:  logJe,(HCD[molec- em™-s71] = (348 + 5.3) - Z2EDAX0 (55
78.4 +11.4)x103

log P, (HCD([Torr] = (15.7 + 3.2) — L24E 0000 (23)

B-NAT: 10g oy (HCD [molec - cm™2 - s™1] = (28.6 + 1.3) —% (24)

log Py, (HC)[Torr] = (13.3 + 1.6) — &26£58)x10° (25)

2.303 RT

Despite the scatter of the data displayed in Fig@ré may be pointed out that the enthalpy
of HCI evaporation is identical far- andB-NAT within the stated experimental uncertainty:
We compareAH%(HCI) of 78.4 + 11.4 and 69.6 + 5.8 kJ/mol for andB-NAT (equations
(23) and (25)). On the other hand we have equaggyhaps fortuitously, between fCI)
and AH%(HCI) for a-NAT following equations (22) and (23) which leatisthe expected
conclusion that HCI accommodation arNAT is not an activated process which essentially
has zero activation energy similar to the situafimHNO; interacting with3-NAT. On the
other hand, this type of argument would lead toegative activation energy for HCI
accommodation orB-NAT because the enthalpy of evaporation of HCImr@-NAT is
smaller than E(HCI) from B-NAT. However, the kinetic data of JHCI) for B-NAT may be
affected by saturation of HCI uptake because erparis have been performed using the PV
admission. This situation may be similar to theekim results of J(H2O) for B-NAT
displayed in Figure 10 that shows a significantlyaier value for &(H2O) in PV vs. TO
experiments (52.1 vs. 75.5 kd/mol, see also Tapleh®reas the saturation effect seems not
to affect the kinetic data fom-NAT. The anomalously large experimental unceriaiiotr
HNO; TO experiments oa-NAT displayed in Table 3 certainly has to do witle restricted
temperature interval over which we were able to iwora-NAT before it converted t@-
NAT. This may be seen in the synoptic overviewhaf van't Hoff plots for HN@interacting
with NAT displayed in Figure S4 of Supplement D.sThestricted T range is also visible in
Figure 11A for d(HNO3) from a-NAT.
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5 Conclusions and Atmospheric Implications

In this study we have confirmed that exposure ef films to HNQ vapor pressures at

temperatures akin to the ones found in the stragpeads to formation of NAT hydrates.

Of the two known forms of NAT, namelyi-NAT and [-NAT, the latter is the
thermodynamically stable one whereas metasaNAT is likely to be of lesser importance

in the heterogeneous processes at UT/LS atmosphgrielevant conditions.

Re(H20) ona-NAT and B-NAT films are different compared to the case ofl#t@ where

the evaporation of D is not influenced by the presence of adsorbedd#Ghe ice and takes
place at a rate characteristic of pure ice. This ingortant implications on the lifetime of
atmospheric ice particles. Ice particles with adedr HNQ forming NAT have longer
lifetimes compared to ice particles with adsorbe@l,Hbeing amorphous or crystalline
HCI*6H,0. In light of our results we raise the questioi€l-containing ice particles are of
significant atmospheric relevance as substratesh&erogeneous reactions due to their
reduced lifetimes and concurrent reduced oppoiasmib enable heterogeneous atmospheric

reactions.

Je(H20) on a-NAT presents a discontinuity at 181 K akin to tioherved in pure ice by
Delval and Rossi (2004) and Pratte et al. (2008 fesulting Arrhenius representation at
high temperatures larger than 181 + 2 K:

(75.3 + 9.9) x 103
2.303 RT

logJey(H,0)[molec- cm™2-s71] = (35.9 + 2.8) —

Je(H20) onB-NAT shows two values depending on the measureteehhiques as a result of
the propensity of the PV experiment to saturategdeecondensate interface. TO experiments
are less precise but more accurate owing to thetfet they are less prone to saturation
compared to PV experiments. Therefore, we repatlte of TO experiments as preferred
values, whereas we rule out kinetic PV results gwinpossible saturation problems and note
in passing that3-NAT is apparently prone to saturation thamNAT. The Arrhenius
representation for the preferred TO results is:

(77.0 + 4.9)x103

TO Experiments: log]J.,(H,0)[molec: cm™2 -s71] = (36.0 + 1.3) — 0T RT

HCI kinetic measurements om-NAT and 3-NAT indicate that HCl does not displace a

significant number of HN@molecules from the ice surface upon deposition,rather that
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HCI and HNQ do not strongly interact with each other in thed®ensed phase and that HCI
evaporates faster. This observation is also supgdiy the slower rates of evaporation and
the correspondingly higher values of the HN&aporation activation energy oaNAT and
B-NAT, Ee(HNOs) = (178.0 + 27.4) kJ mdland E(HNO3) = (102.0 + 8.6) kJ mdl (see
Table 3), respectively, compared to the activagoergy for HCI evaporation on H®&H,0,
EeHCI) = (87.0 + 17) kJ mdl. This also is consistent with a larger calculateeraction
energy of HNQ with H,O (“affinity”) in a-NAT compared t3-NAT (Weiss et al., 2016)
despite the fact th#tH:°(a-NAT) is higher by 6 + 20 kJ/mol compared@dNAT.

The reliable and reproducible measurement of tip@wpressure of 0 (Ry20) in the UT/LS

still represents a thorny problem on airborne (aftcand balloon) platforms owing to small
absolute values as well as to possible rapid variatas a function of altitude. Fahey and
coworkers have found an elegant way to solve thovlpm using a suitably adapted chilled
mirror hygrometer (CMH) where a cryogenic ice dépos a temperature controlled mirror is
monitored during atmospheric sampling using a leftdeted IR LED element that controls a
mirror heater in a feed-back loop (Thornberry et 2011). WherPy,, increases the mirror
reflectivity decreases owing to a concomitant, fm&sumed increase in scattering because of
the formation of a polycrystalline ice deposit dw tmirror. In this case the mirror heating
power is increased in a feedback loop in ordeettare the original reflectivity at the former

operating conditions.

For concentrations of 1-10 ppm®l and 0.1-4 ppb HN&typically encountered in this region
of the atmosphere (UT/LS) we expect a weak pertimbeof the cryogenic ice deposit
through co-deposition of HNOon the mirror. In fact, Thornberry et al. (2011pasure a
HNO; deposit from their laboratory experiment correghing to roughly a molecular
monolayer on the 0.37 énmirror (geometric) surface at typically 4 pphnBs and a total
deposition time of 3 h. This is a negligible qugntf HNO; compared to the 2000 or so ice
molecular bilayers pgtm of ice deposited. Fahey and coworkers have rigcettoduced an
advanced version of a hygrometer that monitorspase HO using a high resolution diode
laser near 2694 nm at a specificH absorption line (Thornberry et al., 2015). This
methodology replaces the unspecific monitoring bé tbroad-band reflectivity by an
identifiable spectroscopic molecular IR transitiohgas phase # and thus removes the

doubt about the identity of the absorber compacethé prior use of the (broad band) IR
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LED. It is our understanding that this advanced Ciglkh the process of actually being tested
in the field.

However, when the CMH was used in a laboratory fi@actor experiment at a higher
concentration of BD and HNQ (both at typically 80 ppb) the mirror reflectivitgcreased
and led to an approximately 3 K lower mirror tengtere at 194 K after approximately 4
hours into the experiment compared to a refereridél @ot exposed to HNO At first, the
authors identified the first HNIH,O condensate as arNAT coating on a KO thin film
after approximately 1.8 hours into the co-depositaxperiment of admitting six ppm.@&
and 80 ppb HN@into the flow reactor. At 2.3 hours after stant tHNO; flow was halted
while maintaining a bD flow of 80 ppm which led to the appearance of second
condensate” after approximately 4 hours of elagsed. The authors attributed this “second
condensate” to an unknown HNEB,0 phase that led to a 63% supersaturation withergsp

to pure ice corresponding to the above-mentionkdd8pression of the mirror temperature.

It is perhaps useful to remind the reader at tragtpthat the CMH detector oPy,q
compensates the change in reflectivity detected signal on a photodiode with a change in
mirror temperature, but the true molecular identifythe condensate goes unnoticed. Based
on the present results we claim that the seleativaporation of the heavier components
HNO; compared to kD evaporation in the binary, and HCI in the terneopdensed phase
system is not possible, at least at atmospherigalgvant HNQ@ and HCI concentrations
because J(HNO3) and J(HCI) are always smaller tharH,O) for the investigated nitric
acid hydrates in the range 170-205 K. This meaass ttie “second condensate” must still
contain some HN@throughout the duration of the experiment. Asdarpositive proof for
the existence of an as yet unidentified HH)O hydrate (“second condensate”) is concerned
that results from the CMH-equipped flow experimeigcussed above, we would like to
withhold judgement until possible consequenceshefdptical properties of the HN®I,O
condensate on the reportegQHsupersaturation have been considered, inclutsnigimporal

changes at the chosen experimental conditions.

Using the real part of the index of refraction napproximately 200 K of 1.333, 1.513 and
1.460 for pure KO ice,a- andB-NAT, respectively [Berland et al., 1994; Toon kf 4994],
we calculate a specular reflectivity R of 2.0, 4ritl 3.5% for pure D ice,a- and-NAT

following the Fresnel expression (R ={m)%(no+ny)?) with ny referred to pure O ice) for

normal incidence. This shows that a potentiallypgigant change of the optical properties of
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a HNGs-containing ice film relative to pure ice may bepegted at these high doses of HINO
which will critically depend on many geometric amblecular parameters including the

structure and concentration gradients of the fibalf.

The implementation of a detailed (geometrical) agitimodel of the cryogenic film
interacting with the IR-emission is clearly beydhée scope of the present work, but it seems
judicious to take these optical changes into accanonthe future for the quantitative
interpretation of the experimental results of Gaale(2016). In addition, it will be necessary
to gauge the importance of film volume absorptisriree emitted IR radiation will pass twice
across the film thickness on its way to the detedfde have recently measured the optical
cross sections of the nitric acid hydrates dedt i the present work in the range 4000-750
cm® (lannarelli and Rossi, 2015) which completes thed optical constants of the nitric
acid hydrates in the IR spectral region (Toon et #94). In the end the decision on the
existence of an unknown/unidentified HHB.O phase present in the UT/LS that
significantly exceeds the saturation vapor pressafrgpure ice will probably hinge on
experiments performed using the advanced versiothefhygrometer that is based on the
absorption of high resolution radiation near fm by gas phase water vapor mentioned
above. This gas-phase measurement system seents fregurbations by other atmospheric
gases and therefore is likely to be suitable ireptd resolve the question at hand (Thornberry
et al., 2015).
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1105 Table 1: Characteristic parameters of the presewtreactor.

Reactor volume (upper chamber) Vg = 2036 cm

MS (lower) chamber Vs = 1750 cni

Reactor internal surface Sw = 1885 cr

H.,O calibrated volume — inlet line Vywater = 62 cnf

HNO; calibrated volume — inlet line Vacid = 20 el

Si support area (one side) Asi = 0.99 cm

Surface to Volume ratio 2 ASi/VR =0.9725x10" emi’*

Reactor wall temperature Tw=315K

Conversion of evaporation rate and flux |Rey-VR = 2-Agi- Jev

HNO; H»0 HCI

Base Peak Signal MS [m/z] 46 18 36

MS Calibration Facto€™ [molec™ s A] 4.53x10% |6.65x10%° |1.30x10%°

Escape rate constant

kS, = CS\/g (small orifice) 51 0.0913 0.1710 0.1213

kit = ch% (both orifices) [S] 0.4331 0.8102 0.5729

Gas-surface collision frequency at 315K,

one side B @ w = A, =\/8R7T_A$ 3.95 7.39 5.22

4V oM 4V

1106 @M in kg; Asiin m? V in m% R = 8.314 J K mol™. “One side” corresponds to front or rear
1107 side of Si-window. In order to calculate the accardation coefficientx using equation (3)
1108 we have usedaas the total collision frequency for both sideshaf Si-window.

1109
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1110 Table 2: Fit parameters of the Langmuir adsorpigotherms for HO, HNO; and HCI

1111 interaction with the internal stainless steel (S§3Wurfaces of the reactor.
Adsorbed Gas Ky Nrtot Nmax Olw
(Additional Gas) @ | [x1074 ® [x10] © x10*@ | [x109®©
H20 3.18+0.38 7.03+0.42 3.73+0.22 6.19+0|08
H,O
4.67 £0.39 8.38 £0.29 445+0.15 —
(HCI, R, = 8x10%
HNO3 1.10+0.16 93+11 49+ 6 2.92 £0.10
HNO3
1.61+£0.40 76 £ 15 408 -
(H20, Ry = 2-3x10°
HNO3
1.28 +0.17 84 +8 45+ 4 -
(average values)
HCI 437 £ 21 5.06 +0.06 2.68+0.08 16.9%0}3
HCI
63.1+49 4.85 £ 0.07 2.57 +£0.04 —
(H20, Ry = 6x10°)
HCI
64.6 +6.3 3.79+£0.09 201+004 -
(H20, Ry = 3x10°)
1112 @F, is the flow rate of the additional gas in molét s
1113 ®K_ is the Langmuir adsorption equilibrium constantin® molec™.
1114  © Nyor is the total number of adsorbed molecules ontairttenal surfaces, reported is the
1115 saturation value for total internal surface (188%)cof SFR.
1116 @ Nyax is the adsorption site density in molecém
1117 ©aq,, is the reactor wall accommodation coefficient.
1118
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1119 Table 3: Synopsis of thermodynamicdPand kinetic (d) parameters of the Arrhenius and
1120 van ‘t Hoff representation of data from Figure Bjufe 4, Figure 6 and Figure 7.

b
Jev(a) Peq( )
0
Eey A AHY, AS/e
Sample Gas Exp.
753+ 9.9
TO 359+2.8 70.3+14.1 15.2 + 4.0
35+4.%
H,0
753+ 9.9
a-NAT PV 15.1 +1.2 56.5+5.1 11.8+1.5
35+4.%

HNO; TO 178.0+27.4 62.3+7.8 128.6 £42/4 29.3012.

HCI PV 78.3+19.2 34.8+5.3 78.4+114 15723

TO 77.0+4.9 36.0+1.3 76.7 +17.7 16.7+49

H,0
PV 52.1+24 287+07 755%111] 16.7 30
B-NAT

HNO; TO 102.0+8.6 40.6 £ 2.4 96.5 +12.( 19.8+3]3

HCI PV 56.7+4.6 28.6+1.3 69.6 +5.8 13.3%1p

1121

1122 ®@for gas X, R = 8.314 JKmor": logJe,(X)[molec: cm™2-s71] = A — 5‘*3"021:;
(b) — - 1. _ AS _ AHQyx10®

1123 ®for gas X, R =8.314 JKmol™: logPe, (X)[Torr] = — — ==

1124  OFit consists of two straight lines intersecting.&t + 2 K with two values for &
1125
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1127 Figure 1: Schematic drawing of the reactor usedhis work. The diagnostic tools are

1128 highlighted in red and important parameters atedisn Table 1 and Table 2. The ice film is
1129 deposited on both sides of the 1" diameter Si windblack vertical symbol hanging from
1130 cryostat inside reaction vessel).

1131
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Synopsis of kinetic results f@fNAT and NAD using HO as a probe gas in PV

experiments and # and HNQ in two-orifice (TO) experiments. Full symbols repent PV

experiments and empty symbols represent TO expetimEurther explanations of the used

symbols may be found in the text. The calculatddtike error for PV experiments is 30%

whereas for TO experiments we estimate a relatirer ef 60%. Examples of the amplitude

of the errors are reported for selected points. Blaek line shows results from Marti and

Mauersberger (1993) with®H-O) of pure ice calculated for the system in usagigi= 1.
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1141 Figure 3: Binary phase diagram of the HM@O system reconstructed from McElroy et al.
1142 (1986); Hamill et al. (1988); Molina (1994). Thdlfaymbols represent calculated values of
1143  Pe(H20) for a-NAT and NAD using the kinetic data of PV experirteenEmpty circles
1144 represent calculated values of(P>0) for a-NAT using the kinetic data of two-orifice
1145 experiments. The solid lines represent the coexgsteconditions for two phases and the
1146 dashed lines represent vapor pressures of liquitts eemposition given as % (w/w) of
1147 HNOs. The shaded gray represents polar stratosphenrititans.
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Figure 4: Synopsis of kinetic results f/NAT using HO as a probe gas in PV experiments
and HO and HNQ in two-orifice experiments. Full symbols represBs experiments and
empty symbols represent TO experiments. Furthelagggion of the used symbols may be
found in the text. The calculated relative errar Y experiments is 30% whereas for TO
experiments we estimate a relative error of 60%anEples of the amplitude of the errors are
reported for selected points. The green line shosssilts from Marti and Mauersberger
(1993).
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1157 Figure 5: Binary phase diagram of the HM@O system reconstructed from McElroy et al.
1158 (1986); Hamill et al. (1988); Molina (1994). Thdlfaymbols represent calculated values of
1159 Pe((H20) for B-NAT using the kinetic data of PV experiments. Eynptrcles represent
1160 calculated values of fH-O) using the kinetic data of two-orifice experimenThe solid
1161 lines represent the coexistence conditions forpgihvases and the dashed lines represent vapor
1162 pressures of liquids with composition given as %(wof HNOs. The shaded gray represents
1163 polar stratospheric conditions.
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1165 Figure 6: Synopsis of kinetic results fmNAT using HCI as a probe gas in PV experiments.
1166 The used symbols are explained in the text. Theutatkd relative error for PV experiments
1167 is 30%. The black line shows results from Marti &taliersberger (1993).
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1169 Figure 7: Synopsis of kinetic results f#NAT using HCI as a probe gas in PV experiments.
1170 The used symbols are explained in the text. Theutatked relative error for PV experiments
1171  is 30%. The black line shows results from Marti &taliersberger (1993).
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1173 Figure 8: Arrhenius plot ofe{H20) for a-NAT. Full and empty red circles represent results
1174 of PV and TO experiments, respectively. Data akeridrom Figure 2b and the equations for

1175 the linear fits may be found in the text.
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1177 Figure 9: van ‘t Hoff plot of R(H2O) for B-NAT data displayed in Figure 4c. Full and empty
1178 red squares represent results of PV and TO expetaneespectively. The equations for the

1179 linear fits may be found in the text.
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1181 Figure 10: Arrhenius plot of.J{H20) for B-NAT data displayed in Figure 4b. Full and empty
1182 red squares represent results of PV and TO expetaneespectively. The equations for the

1183 linear fits may be found in the text.
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1185 Figure 11: Arrhenius plot of.{HNO3) (A) and van ‘t Hoff plot of B{HNO3) (B) for a-NAT
1186 (Figure 2b and Figure 2c) an@NAT (Figure 4b and Figure 4c) resulting from TO
1187 experiments. Full black circles and empty blackasgs represent the interaction of HNO
1188 with a- andB-NAT films, respectively. The equations for theifig lines may be found in the
1189 text.
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1191 Figure 12: Arrhenius plot ofe{HCI) (A) and van ‘t Hoff plot of B{HCI) (B) for a-NAT
1192 (Figure 6b and Figure 6¢) anB-NAT (Figure 7b and Figure 7c) resulting from PV
1193 experiments. Full red circles and black trianglgsresent the interaction of HCI with and

1194 [B-NAT films, respectively. The equations for thdifig lines may be found in the text.
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