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Abstract

Experiments on the title compounds have been peddrusing a multidiagnostic stirred-flow
reactor (SFR) in which the gas- as well as the ensdd phase has been simultaneously
investigated under stratospheric temperaturesamahge 175-200 K. Wall interactions of the
titte compounds have been taken into account usamgmuir adsorption isotherms in order
to close the mass balance between deposited antbddsrecovered) compounds. Thin solid
films at 1 um typical thickness have been used as a proxytfoogpheric ice particles and
have been deposited on a Si window of the cryasitht the optical element being the only
cold point in the deposition chamber. FTIR absorpspectroscopy in transmission as well as
partial and total pressure measurement using ralsghs MS and sensitive pressure gauges
have been employed in order to monitor growth avaperation processes as a function of
temperature using both pulsed and continuous gasisamn and monitoring under SFR
conditions. Thin solid BD ice films were used as the starting point thraughwith the
initial spontaneous formation @-NAT followed by the gradual transformation af=>» 3-
NAT at T > 185 K. NAD was spontaneously formed @nswhat larger partial pressures of
HNO; deposited on pure J ice. In contrast to published reports the fororawf a-NAT
proceeded without prior formation of an amorphoiO4/H,0O layer and always resulted in
B-NAT. For a- and3-NAT the temperature dependent accommodation coexfii a(H,O)
anda(HNQOs), the evaporation fluxeJH20) and d(HNO3) and the resulting saturation vapor
pressure B(H20) and R{HNOs) were measured and compared to binary phase ciagrh

HNO3/H,0 in order to afford thermochemical check of theekic parameters. The resulting
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kinetic and thermodynamic parameters of activatemergies for evaporation {f and
standard heats of evaporatiiHe,’ of H,O and HNQ for a- andB-NAT, respectively, led to

an estimate for the relative standard enthalpyeckfice betweea- andp-NAT of -6.0 £ 20
kJ/mol in favor of3-NAT, as expected, despite a significantly largalue of &, for HNOs in
o-NAT. This in turn implies a substantial activatienergy for HN@ accommodation im-
compared t@-NAT where E.{HNO3) is essentially zero. The kinetia(HCI), L(HCI)) and
thermodynamic (&(HCI)) parameters of HCl-doped- and 3-NAT have been determined
under the assumption that HCI adsorption did rgutiBcantly affecta(H.O) anda(HNOs) as

well as the evaporation fluxJH-0O). L(HCI) and R(HCI) on botha- andB-NAT are larger
than the corresponding values for HN@cross the investigated temperature range but

significantly smaller than the values for purgCHce at T < 200 K.

1 Introduction

Heterogeneous processes taking place on ice cliouttee Upper Troposphere (UT) or on
Polar Stratospheric Clouds (PSC’s) in the Lowent8sphere (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&riaiacid trinydrate (NAT) (type la), ternary
H.SO/HNO3/H,O supercooled solutions (type 1b) or purgCHice (type 1) (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 cloudnttion in the dry

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

Ozone is depleted during the Arctic and Antarcficirsy season after unreactive chlorine
reservoir compounds, CIONGand HCI, are converted into molecular chlorine aapidly
photolyze into active atomic chlorine during theisg season (Solomon, 1990). The presence
of PSC’s enables heterogeneous chemical reactimisas Reaction (R1), which represents
one of the most efficient stratospheric heterogaageactions (Friedl et al, 1986; Molina et
al., 1985, 1987):

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 importhforine-activating reactions in the polar

stratosphere are reported in Reactions (R2)-(R4):
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X+0, - XO+0, (R2)

XO0+0- X+0, (R3)

net: 0, +O0 - O, +0, (R4)

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

respectively.

Reaction (R1) increases the concentration of KNCthe condensed phase and when PSC
particles become sufficiently large they fall otfitlee stratosphere (Fahey et al., 2001) which
inhibits Reaction (R5):

Cl0 + NO, + M - CIONO, + M (R5)
and prevents formation of reservoir species vatiger atmospheric residence 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 deHnitation process initiated by reaction (R1)
and its effectiveness in the overall ozone dedtrnctnechanism. 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 comipasof PSC’s using bothn situ and
remote sensing techniques both in the Arctic as aslabove Antarctica. A balloon borne
experiment at first detected non-crystalline HN@drates (Schreiner et al., 1999), later both
balloon borne (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 off-NAT, through the
identification of type la PSC’s, has been unambigly confirmed by Hopfner et al. (2006)
using the MIPAS instrument on a satellite platfdsynccomparison of measured limb-emission
spectra of polar stratospheric clouds with measugtical constants in the region of the

symmetric NQ peak av, = 820 cni'.

The existence of several crystalline hydrates tficnacid has been confirmed for several
years. Hanson and Mauersberger (1988) have idshtifvo stable hydrates, namely, nitric
acid monohydrate (NAM, HN@H,0O) and nitric acid trihnydrate (NAT, HN@®3H,O) the
latter of which is thought to be of atmospheric artpnce. Several distinct crystalline
hydrates of HN@ have been found by Ritzhaupt and Devlin (1991th&ir work examining

the infrared absorption spectrum of thin film saegpIBy depositing the equilibrium vapours
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of aqueous HN@ solutions of different concentrations at 293 Kytlebserved nitric acid
dihydrate (NAD, HNQ*2H,0), NAM and NAT. Ji and Petit have performed aneasive

investigation on the thermochemical properties ADNJi and Petit, 1993).

Tolbert and coworkers have also reported infrardesbgtion spectra of NAM, NAD and
NAT in a series of studies. Tolbert and Middlebrqd®90) have co-condensed calibrated
mixtures of HO/HNO; vapours onto a cryostat and assigned the absorppectra 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 acigtrate 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 anetastable structure calledNAT whose
structure has recently been elucidated (Weiss.e@l6) and a thermodynamically stable
high-temperature structure nam@eNAT. Middlebrook et al. (1992) observed that NAD
consistently converts t@-NAT when exposed to ¥D partial pressures typical of the
stratosphere and therefore proposed that NAD i® ahetastable under stratospheric

conditions.

Several other groups have investigated the streiadfirnitric acid hydrates and published
absorption spectra of bothkNAT and 3-NAT in the mid-IR range, using grazing incidence
Reflection Absorption IR spectroscopy (RAIRS) (Ztmet al., 1998; Zondlo et al., 2000;

Ortega et al., 2003; Ortega et al., 2006; Herrém.e2006; Escribano et al., 2007) and FTIR
in transmission (Tso and Leu, 1996; Martin-Lloreetal., 2006; Ortega et al., 2006).

Compared to the molecular properties of the ni&cad hydrates knowledge of the kinetic
parameters of trace gases interacting with HR@lrates is scarce. Middlebrook et al. (1992)
have used time-dependent FTIR monitoring of thecaptdensity of growing NAT films
during deposition to measure the uptake gdrnd HNQ on NAT. They reported a value of
ynar(HNOs) > 0.4 for HNQ net uptake\) on NAT at T = 197 K whereas 2.0%x16<
ynat(H20) < 1.0x107 is reported for KO. The range measured fgnar(H20) corresponds to
the HNQ pressure used during the deposition. Using evéparaxperiments in a slow-flow
reactor Biermann et al. (1998) measured the accatatium coefficient of HO on [3-NAT

substrates,ag_yar(H20), from the thickness of the substrate measuredgusTIR
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absorption. They found no temperature dependeregrting lower limiting values of
ag-naT(H20) = (2.2 - 6.0)x18in the range 192-202 K.

Delval and Rossi (2005) have used a multidiagndkiie reactor, similar to the one used in
this work, coupled with a quartz crystal microb@ar{QCMB) for the measurement of the
evaporation rate of # from a-NAT and -NAT thin films. They reported a positive
temperature dependence of,_nar(H20) and a negative temperature dependence of
ag-nat(H20) in the range 179-208 K.

Hanson (1992) also measured the uptake coeffioBERINO; on NAT using a cold coated-
wall flow tube with HNQ deposited on ice condensed on the cold flow tulbédswand
reportedynat(HNO3) > 0.3. A rapid uptake was observed which decasethe surface
coverage or dose of HNGOncreased. Furthermore, the observed steady sdati@l pressure
of HNOs over the ice substrate is about a factor of 5 drighan the HN@vapor pressure
over NAT and thus indicates that no hydrate wasiaigt formed during the experiments.
Therefore, the observed uptake has most likely goatiributed to uptake on other cold

surfaces in the flow reactor.

Reinhardt et al. (2003) reportgdat(HNO3) = 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

In the investigation of the properties of binaryestical systems the behavior of the simple
single-component systems is an important stepptoges Hynes et al. (2002) observed
continuous uptake of HN{»n water-ice films below 215 K and time dependgtbake above
215 K, with the maximum uptakge(HNOs3) decreasing from 0.03 at 215 K down to 0.006 at
235 K. They also observed that the uptake of HA1& K on ice surfaces previously dosed
with HNOs is reversible. Furthermore, the adsorption of HN&h ice surfaces which
contained previously adsorbed HCI indicates thai KCdisplaced from surface sites by
HNOs.

In this work, the results for the kinetics of,® and HNQ gas interacting with
spectroscopically characterized HpNChydrates will be presented. The independent
measurement of the absolute rate of evaporatigfin®lec §" cm] and the accommodation

coefficient a of HO and HNQ on a- and B-NAT substrates is performed using a



154
155
156
157
158
159
160
161
162
163
164
165
166
167

168

169

170

171
172
173
174
175
176
177
178
179

180
181
182
183
184

combination of steady state and real-time pulsédevexperiments. Results on the kinetics of
the ternary system HCI on HN@ydrates will also be presented. All experimeeizorted in
this work have been performed using a multidiagnostirred flow reactor (SFR) in the
molecular flow regime, which has been describedatail before (Chiesa and Rossi, 2013;
lannarelli and Rossi, 2014). In addition, all expwmts have been performed under strict
mass balance control by considering how many méscaf HNQ, HCI and HO were
present in the gas vs. the condensed phase (inglutle vessel walls) at any given time.
These experiments have been described by lannanellRossi (2015). Most importantly, the
consistency of the accommodation and evaporatioetikis has been checked using the
method of thermochemical kinetics (Benson, 1976)chiculating the equilibrium vapor
pressure and comparing it with values of publispkdse diagrams. In addition, the present
work is the first to present absolute rates of evajon of all involved constituents £8,
HNO3;, HCI) thus enabling predictions on evaporativeetithes of ice particles under

atmospheric conditions.

2 Experimental Apparatus and Methodology

2.1 Experimental Apparatus and Growth Protocols

Figure 1 shows a diagram of the reactor used mlark 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 alsolute total pressure measurement and
calibrated residual gas mass spectrometry (MS) titor the gas phase and FTIR
spectroscopy in transmission for the condensed ephélkin solid films of up to Zum
thickness are grown on a temperature controlleduBstrate and an average of 8 scans are
recorded at 4 cthresolution in the spectral range 700-4000"anh 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. @hisvs 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 baldra® previously been reported for this setup
(Delval et al., 2003; Chiesa and Rossi, 2013; leglh@and Rossi, 2014; 2015).
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The introduction of HN@ in the system forced us to slightly modify theeinkystem used
previously (lannarelli and Rossi, 2014) in ordetake into account the fact that Hi@ an
extremely “sticky” molecule that interacts with timernal surfaces of the reservoir vessel of
the inlet system as well as with the reactor waillthe SFR (lannarelli and Rossi, 2015). We
therefore minimized the volume of the admissionteaysand only retained the absolutely

necessary total pressure gauge for measuring guab inlet flow rate (moleculé™s

Similarly to the case of HCI and,8 (lannarelli and Rossi, 2014) we have described th
HNO; interaction with the reactor walls using a Langmadsorption isotherm and
determined the concentration of Hj@ the ice sample after calibration of Hil@Illowing
the methodology described in lannarelli and Rda816). Table 2 reports the values of the fit
parameters of the Langmuir adsorption isotherms dlbrthe gases interacting with the
stainless steel (SS304) internal surfaces of the. $fhary combinations of HNZH,O and
HCI/H,O have been used to describe the interaction oadidic probe gas with the vessel

walls in the presence of,B vapor.

The protocol for the growth ad-NAT, B-NAT and NAD thin films has also been described
in lannarelli and Rossi (2015). Briefly, the pratbfor either hydrate always starts with the
growth of pure ice: the chamber is backfilled un8&R conditions with water vapor at flow
rates between 5x3Dand 18° molec &, corresponding to a partial pressure eOHp(HO)
between 4.7 and 9.4xt(rorr (both apertures open), with the Si substhale at temperature
in the range 167 to 175 K. The pure ice film groovs both sides of the Si substrate to a
thickness of typically Jum until the HO flow is halted (lannarelli and Rossi, 2014). The
temperature of the support is then set to the vahesl for the growth of the desired HNO
hydrate at a typical rate of +0.3 K rifin

The growth protocols fom-NAT and NAD are similar and start after the deposiof a pure
ice film: the temperature of the Si substrate isl e 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
HNO; vapor at flow rates in the range 3 to 7¥1fnholecule & for a-NAT and 9x16*
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 ofesédre formation of a new phase after
approximately 5 min of exposure as shown in thengbaof the FTIR absorption spectrum.

The present experimental conditions seem to shawrb nucleation barrier is present tor
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NAT and NAD growth, in agreement with previous wefkanson, 1992; Middlebrook et al.,
1992; Biermann et al., 1998). In contrast, Zondiale (2000) have shown that crystalline
growth occurs via an intermediate stage of supéedosb,O/HNQO; liquid forming over ice.

After exposure the temperature of the substrateetsto 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 amatNAT hydrates as

it only starts after the growth of arNAT film. After the HNG; flow has been halted, tle
NAT/ice system is set to static conditions andtdrmaperature increased to 195 K. During the
temperature increase tleeNAT film converts to3-NAT as shown by means of FTIR
spectroscopy (Koehler et al., 1992; lannarelli &ussi, 2015), and once the conversion is
completed the temperature is set to the desirateval start the kinetic experiments usfig
NAT as substrate. Typical growth protocols undessnbalance control showing both the
FTIR transmission as well as the corresponding Nifpiads 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 hayeuee HNQ hydrate because we always
operate under conditions of excess or comparabteuats of pure ice. Excess ice has been
shown to have a stabilizing effect on botfNAT and3-NAT (Weiss et al., 2016) and in all
our experiments the presence of excess ice hasdmedimmed by FTIR spectra (lannarelli
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 combimatd real-time pulsed valve and steady
state experiments allowed the independent measuteshéhe rate of evaporationmolec

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

For each gas X (X = #D, HNG;, HCI) admitted into the reactor in the presencécef the
following flow balance equation holds at steadyesta

I:in (X) + Fdes(x) + Fev(X) = FSS(X) + Fads,vxx) + Fads,ice(x) (1)

All terms in Equation (1) are flow rates in mole¢ with the terms from left to right

corresponding to molecules admitted into the reaff@), molecules desorbing from the

8



247
248
249

250
251

252

253
254
255
256
257
258
259
260
261
262

263
264
265
266

267
268
269
270
271
272
273

274

reactor walls (9, molecules evaporating from the ice surfacg)(Fmolecules effusing
through the leak valve into the MS chambefs(Fmolecules adsorbing onto the reactor walls

(Fagsw and molecules adsorbing onto the ice filng{fkJ.

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

adsorption, Eg. (1) may be expressed as followsa fgais X:
V'Rin(X) + Ntor - kdes,w(X) "8+ V- Rev(X) =

wX) - ilm (X) - €
= V- Rgs(X) + Sw'$(1—9) [X]ss + Sﬁlm'a“T()c[X]ss (2)

where V is the reactor volume in &R (X) the rate of molecules X admitted into the
chamber in molés*@m?®, Nror the total number of molecules X adsorbed on tleetoe
walls, kies(X) the desorption rate constant from the reactatlsvin s, 8 the fractional
surface coverage in terms of a molecular monoldg(X) the rate of evaporation of X from
the ice in moles*©m?3, RsdX) the rate of effusion through the leak valvenioleds em?,

S, and S the surfaces of the reactor walls and the thin fit cnf, aw(X) and aim(X) the
accommodation coefficients of X on the walls andloathin film, [X]ssthe concentration at
steady state in molec ¢inand © the mean thermal velocity of a molecule inS¢m
respectively. The mathematical derivation of EqQ. f2ay be found in Supplement B of

lannarelli and Rossi (2014).

Pulsed valve (PV) experiments and Langmuir adsompgiotherms have been used in order to
measure s WX) and ay(X) (lannarelli and Rossi, 2014), leaving only twmknown
parameters in Eq. (2):eRX) and asim(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 growndaugdo the protocol
briefly described above, the film is set to a clmosEmperature. After steady state conditions
are established, a series of(Hpulses are admitted into the reactor. The expalatecay of
the MS signal at m/z 18&{) is given by the sum of the measuied, the adsorption rate
constant on the wall&() and the adsorption rate constdqj pnto the ice, namelky = kes: +

ky + K, in the aftermath of a pulse. The accommodaticeffaeent a5, (H20) may then be

calculated according to Eq. (3):

Kke(H,0
afim (H20) = ﬁ 3)
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wherew(H,0) is the calculated gas-surface collision freqyencs® 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 may be used to
calculate the concentration at steady stated&¢cording to Eq. (4):

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

where ks{X) is the effusion rate constant of gas X out lué reactor inS (see Table 1).

Finally, [X]ssis used to calculate,&X) using Eq. (2).

Subsequently, the film is set to a higher tempeeatis(H-O) is recorded and a series oftH
pulses applied to the same ice sample. This expeatahprotocol has been repeated for each

measured point in the temperature interval of eger

Under the present experimental conditions, PV arparts of HNQ leading to transient
supersaturation of HN are hampered by excessive pulse broadening, maisalply owing
to the strong adsorption of HN®n ice and the stainless steel vessel walls tlzkesithe
observation and interpretation of a HNulse difficult for low doses in the presence aH.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 afNAT, B-NAT
and NAD ice films we have used the two-orifice noethirst 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 tseakasure the kinetics ob8 on HNG

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

The two-orifice (TO) method allows the separatidrihe rate of evaporationsgX) and the
condensation rate constan{>k) of a gas X by choosing two different escapdicas and
measuring the corresponding value of concentrgkges 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 gafiXhare reported in Eqgs. (5) and (6) taking

into account the interaction with the reactor walls

MIOT . K gesw(X) 0 = (ke(X) + kSec(X)) - [X]Es + 2. (1 - 0) - [X]s

ReV (X) + A4 A%

()

10



N Ky (X
304 Rey(X) + T2 Kges(X) -0 = (ke(X) + kM) - (X% + 22 (1 - 0) - [X]3

305 (6)

306 where the superscripts indicate small orifice di@yor both orifices (M) open, respectively.

307 The kinetic parameters:RX) and k(X) are calculated from Egs. (7) and (8) as follows

KM (X [X]M - K3 (X [X]3
308 Kk (X) = et BISs %)+ (1-0) (7)
[XIss—[XIss
KM (X0 -KSc O) XIS [XIM: N
309 Rev(X) — ( ( ) S E ))1\[/[ ]SS [ ]SS _ NTOT , kdes,w(x) . e (8)
[XIss—[XIss \4

310 This method leads to larger uncertainties for BjiX) and k(X) compared to the combined
311 PV and steady state method used before. The ré@som the fact that two similarly large
312 numbers, namelyX]3s and [X]Ys, are subtracted in the denominators of equatiars &)
313 and (8) leading to a small and therefore uncenaloe of k(X) and R(X). In other words,
314 the noise in the signal from the MS is such thattiio data sets for the small orifice and both
315 orifices open are sometimes insufficiently lineailydependent of each other within
316 experimental uncertainty.

317 We also used the combination of real-time PV aedd state experiments using HCl as a
318 probe gas and applied the experimental method ibesicpreviously in order to measure the
319 kinetics of HCI, R(HCI) anda(HCI), in the presence af-NAT and-NAT ice films.

320 Once the kinetics &X) and k(X) have been measured using the combination ofaRY
321 steady state experiments ,(M{ HCI) or the two-orifice method (HNO H,O), we may

322  calculate the equilibrium vapor pressueg(R) for each gas according to Eq. (9):

Rev(X) RT

323 Peg(X) = 120 9)

324 where R is the molar gas constant ir°dorr K* mol?, T the temperature of the thin film in

325 K and Ny Avogadro’s constant in molec niol

326 3 Results

327 3.1 Crystalline a-NAT Thin Films

328 The kinetic results for the heterogeneous intesaatif HO and HNQ with a-NAT and NAD
329 thin films obtained in PV and TO experiments arseptiiyed in Figure 2. Full symbols

330 represent PV experiments: full red circles correspto experiments oa-NAT substrates,

11
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and full green squares to experiments on NAD satedfr Empty symbols represent TO
experiments with red circles representingOHand black triangles HNQOresults. 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%. We refrain at this point from showirayv data (FTIR absorption spectra and
MS data as a function of time) because represgataimples have been shown by lannarelli
and Rossi (2015) foo- and B-NAT. We will defer the presentation of raw data the

interaction of HCI or- andB-NAT to Section 3.3 below.

Figure 2a shows the measured accommodation caeffszt,_yna7(X), (X = H2O, HNGy), as

a function of temperaturet,_yat(H20) in PV experiments (full red circles) decreasesaa
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 thaq¢H>O) on pure ice at the same temperature.
The scatter in the data is not an artifact anduis w the sample-to-sample variability of the
crystalline samples we use and the randomnesseotnystalline nucleation process. The
variability may be in surface composition, morptgi@nd smoothness as shown in previous
studies (McNeill et al., 2007; lannarelli and Ro2€i14).

a,—nat(H20) In TO experiments (empty red circles) yielddaté#nt results. For temperatures
lower than 185 K it is equal to,_nar(H20) on a-NAT in PV experiments within
experimental error. For temperatures higher thanK 8&,_yat(H20) increases as a function
of temperature in contrast to results of PV experita (full red circles) varying from 8xF0
at 183 K to 0.08 at 193.5 K, being equabtg(H-O) on pure ice within experimental error at
the highest temperature. This result compares &plpwith the results of Delval and Rossi
(2005) which showed a positive temperature depaseefa,_yat(H20) in the temperature
range 182-207 K.ayap(H20) in PV experiments (full green squares) is eqwéhin

experimental error ta,_yat(H20).

a,_nat(HNO3) (black empty triangles) increases as a functiciermperature 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
temperatures. These values are lower by a fact@rtof40 compared to the preferred values
indicated by the IUPAC Subcommittee on Gas Kin®@gta Evaluation (Crowley et al.,
2010).
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363 Figure 2b shows results for the rate of evaporagX) in molec § cm? as a function of
364 temperature. The same symbols as for panel (a)used. R(H-O) on a-NAT in PV
365 experiments is lower by a factor of 2 compared §§HRO) on pure ice at temperatures lower
366 than 175 K. For temperatures higher than 175 &(HRO) ona-NAT is lower on average by
367 up to a factor of 50 compared t@,f/H,0) on pure ice. This result is very different comgaa
368 to the previously studied case of the binary systd@l amorphous and crystalline
369 hexahydrate using the same apparatus (lannaréllRaxssi, 2013), where the evaporation of
370 HyO takes place at a rate characteristic of puraléspite the presence of adsorbed HCI on
371 theice and is in agreement with the findings olvBlkeand Rossi (2005).

372 Re(H20) ona-NAT measured using the TO method is equal withipeeimental error to
373 Re(H20) obtained in PV experiments..1,0) on NAD is equal to within experimental
374 error to R(H20) ona-NAT. The full black line shows the rate of evapgara of pure water
375 for the system in use, calculated from literatuesuits of the equilibrium vapor pressure
376 (Marti and Mauersberger, 1993) using= 1, whereas the dashed black line represents
377 extrapolated values of RH,O) for temperatures lower than 173 K using the esgion
378 provided by Mauersberger and coworkers (Marti arai&tsberger, 1993; Mauersberger and
379 Krankowsky, 2003).

380 Figure 2c shows the results fogfX) in Torr calculated according to Eq. (9) for bad#,O
381 and HNQ as a function of temperature. The same symbois panels (a) and (b) are used.
382 Pe(H20) of a-NAT calculated from the kinetic parameters measgurePV experiments is
383 lower by a factor of approximately 3 compared {gHR.O) on pure ice at temperatures higher
384 than 180 K. For temperatures lower than 180(H2O) of a-NAT is close to B{H20) of
385 pure ice because the present samples are wate(Mohna, 1994) with a HN@ mole
386 fraction of less than 10%.

387 Pe(H20) of a-NAT calculated from the results of TO experimeistséower by up to a factor
388 of 10 compared to &H.O) of pure ice in the temperature range 180-193.5AK
389 temperatures lower than 180 KgfM>0) of a-NAT from TO experiments is equal within
390 experimental error tofH-0) of a-NAT in PV experiments. &HNOs) of a-NAT is lower
391 Dby a factor of 1000 in the temperature range 188K 8ompared to £H-0) on pure ice.

392 The values obtained for the equilibrium vapor puesshave been compared with the

393 HNOy/H,0 phase diagram constructed by McElroy et al. (198&mill et al. (1988); Molina

394 (1994). Figure 3 shows the results ®NAT and metastable NAD films, PV and TO
13



395 experiments. The solid lines represent the coexisteconditions for two phases and the
396 dashed lines represent vapor pressures of liquitts @amposition given as % (w/w) of

397 HNOs;. The shaded rectangular area represents typidat ptratospheric conditions. The

398 slope m of the coexistence lines depends on thereifce of the enthalpies of sublimation of
399 the two acid hydrate species, namely NAM and NAGcoading to Eq. (10) (Wooldridge et

400 al., 1995):

1 2
401 m= AH subl —AH subl (10)
(n,-n) R

andAH?

subl

402 where AH!

subl

are the enthalpies of sublimation efatid hydrates in kJ/molg n
403 and n the number of water molecules of the respectidrdtg and R is the gas constant in J

404 mol* K™ The slope of the ice/NAT coexistence line is oklted from Wooldridge et al.
405 (1995) as Menat = (50.9 kd/mol)/R and for NAT/NAM fatinam = (55.9 kd/mol)/R.

406 All a-NAT experiments lie in the existence area of aiacid trihydrate, as expected. On the
407 other handpa-NAT under polar stratospheric conditions (shadettangular area) is unstable
408 and starts to convert into the staBHNAT phase (Koehler et al., 1992). The small nundfer
409 o-NAT samples we reported in the shaded gray arkattser confirmation of results reported
410 in the literature because lower temperatures agelateto slow down the conversionoto

411 [-NAT. NAD samples are expected to lie closer to thenohydrate region, given their
412 composition close to the ;@:HNO; = 2:1 stoichiometry (lannarelli and Rossi, 2015).
413 Nevertheless, the pure ice phase is still domimatthe present samples and all samples are
414  water-rich (Molina, 1994) with a HN§ mole fraction of less than 10% even in NAD films.

415 3.2 Crystalline B-NAT Thin Films

416 The results fof-NAT thin films obtained in PV and TO experiments displayed in Figure
417 4. Full and empty red squares represent PV and Apigrinents, respectively, with red
418 squares representing,® and black triangles HNQresults. Pure ice experiments are

419 displayed as inverse blue triangles for comparison.

420 The largest uncertainty in our experiment is tHathe flow rate introduced into the reactor,
421 which is assigned a relative error of 25%. The fiate measurement affects the calibration
422 of the MS and therefore the measurement of allcthrecentrations in the reactor (Eq. 4).

423 Therefore, we estimate a global relative error @%3for PV experiments and double this
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uncertainty for TO experiments because Equatiopar{@ (8) imply a difference of two large
numbers in many cases, as discussed above. Wéotigeassign a global 60% relative error

to results obtained in TO experiments.

Figure 4a shows the measureg_yar(X) as a function of temperaturexg_yar(H20)

resulting from PV experiments (full red squares)sisattered similar tayy(HCI) on

crystalline HCI hexahydrate (lannarelli and Ro26i14) up to a factor of 10 for results at the
same temperature. We may interpret this result akithe HCI hexahydrate case where the
scatter may be caused by the variability of thdasar composition, the morphology or the
smoothness of the ice surface (McNeill et al., 30&imilar results have recently been
presented by Moussa et al. (2013) regarding thie @itid-induced surface disorder on ice. In

any case, all results show that ya1(H20) is at least a factor of 10 lower thage(H20) on

pure ice in the temperature range 182-200 K.

ag-nat(H20) in TO experiments (empty red squares) on therottand, increases as a
function of temperature in the temperature rang2 1198 K varying from 0.013 at 182 K to
approximately 0.1 at 198 K, being equal at the ésgliemperature tai.¢(H2O) 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 reason for the different behavior of P4 a® experiments may be intrinsic in the
nature of PV experiments: the ice surface is exppésa series of pulses ob® and the free
sites may be saturated before the introductiorach&onsecutive pulse. We suspect this to be
the reason for the discrepancy between PV and Tgerarents and we will consider the
results of TO experiments as the preferred valfigsi® work despite the larger experimental

scatter.

Like ag_naT(H20), the values ofag_nyar(HNO3) (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. Hosvethe values have a large estimated
uncertainty. These values are lower by a facto2 ¢ 10 compared to the preferred values
indicated by the IUPAC Subcommittee on Gas KinB@ta 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(R20) on-NAT in PV experiments is lower by a factor

of 50 compared to &H»0) on pure ice in the temperature range 182-208Kin the case of
15
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o-NAT, this result is very different compared to ttese of HCI hydrates studied before using
the same apparatus (lannarelli and Rossi, 2013)rentige evaporation of J@ is not
influenced by the presence of adsorbed HCI| ondbeand takes place at a rate characteristic

of pure ice for all HCI concentrations used.

Re{H20) on B-NAT measured using the TO method is close tdHRO) obtained in PV
experiments, the former being approximately a factio2 higher. R{HNO3) on B-NAT
increases in the temperature range 182-195.5 K avidteeper slope compared tg(R-0),
the former being smaller by approximately a faabrl000 at 182 K and 50 at 196 K
compared to R(H-0) of B-NAT. It varies from 2x1bat 182 K to 8.5x1bmolec & cm? at
195.5 K.

Figure 4c shows the results fog4X) 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.
Pe(H20) 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 compatedR.{H>O) of pure ice in the
temperature range 182-195.5 K(PI,O) of B-NAT calculated from the kinetic parameters
measured in PV agrees with TO experiments withipedrmental uncertainty. Saturation
effects in PV experiments will affect both the ameoodation ¢) and evaporation &)
process to the same extent such thatdhould be invariant to the chosen experimental
procedure (PV or TO). However, there is a noticeaddatter in B(H.O) for B-NAT on
display in Figure 4c which presumably reflects thage of different compositions of the
binary HNQ/H,O system. According to Gibb’s Phase Rule we haveetiphases and two
components which leads to a single degree of fmeedor the system. At constant
temperature different HN{ZH,O mixing ratios will lead to different values ofH-0) if we
stay on an isotherm. This corresponds to a vertighin the binary phase diagram foNAT

in Figure 5. It shows that we expeci{P>.O) values between a factor of ten or so for the
experimental points that “fill” the NAT phase diagn more or less homogeneously within

the used T range.

In addition, Figure 5 shows that the majority ofini® are in the rectangular shaded area
representing polar stratospheric conditiggNAT is the stable phase under these conditions
and our results agree well with the literature (Mo et al., 1986; Hamill et al., 1988;
Molina, 1994; Koehler et al., 1992). A more comeletanner to display the binary phase
diagram is presented in Figure S5 (Supplementdogyrimation). It shows both the HNG@nd
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H.O partial pressures in one single plot close tectetl isotherms marked by straight
intersecting dashed lines. It is immediately apparégnat both HN@ and HO partial
pressures are comparable to upper tropospheria/lstnagospheric values.

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

As already mentioned, we used a combination oftiesd PV and steady state experiments
using HCI as probing gas in order to measure thetiis of HCI interacting witki-NAT and
B-NAT ice films. Figure 6 displays raw data from eéiive pulsed dosing of HCI onto an
NAT/ice substrate as a function of elapsed timee Twer panel displays the MS signals of
HCI (red, m/e 36), KD (blue, m/e 18) and HNQO(black, m/e 46), respectively, and the
individual pulses, of which there were twelve, @entifiable by sharp peaks on top of the red
columns. Each pulse corresponds to (4-5f%1folecule resulting in a total HCI dose of
approximately 3x18 molecules. This is the dose effectively adminideto thea-NAT
when the fraction of HCI going to the vessel waltgl escaping the SFR has been subtracted.
This dose approximately corresponds to 1000 madecubnolayers of HCI adsorbed onto the

substrate.

The temperature of the cryostat is displayed agythen trace in the lower panel, and with
every T-increase the MS steady-state levels of HZD and HNQ increase concomitantly.
(During the pulsed admission of HCI the MS levdi$idlO3; and HO are subject to artifacts

owing to rapid switching).

Turning to the upper panel of Figure 6 we displasgeges of FTIR transmission spectra from
700 to 4000 cm at specific times during the repetitive pulsingpesiment which are
indicated in the lower panel by a series of colodex “spl” and continuing going from red to
purple. The principal peak positions have beenect#d in Table 3 and will be discussed
below in terms of changes in the “pu@NAT/ice absorption spectra owing to the presence
of increasing adsorbed HCI. The enlarged IR-spkecarege in the upper panel of Figure 6
displays the effect of the HCI adsorption particiylavell by showing a non-monotonic
sequence of IR absorption peaks not present irffpiie” reference spectra from lannarelli
and Rossi (2015). The raw MS data from the lowarepaf Figure 6 have been used to

calculate the kinetic and thermodynamic data disgaan Figure 8.

Figure 7 displays raw data from repetitive pulseding of HCI onto $8-NAT/ice substrate in

analogy to Figure 6. The eleven individual pulsesesponded to (6-7)xdmolecule per
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pulse resulting in a total HCI dose of approximat#lx 13’ molecules which amounts to

1300 molecular monolayers or so. Like in Figurd® eipper panel displays a series of color-
coded FTIR absorption spectra in transmission witghprincipal peak positions collected in
Table 3. As for Figure 6 the MS steady-state leaelhe different temperatures will be used

to derive the kinetic and thermodynamic data oliIFég® as a function of temperature.

In addition, Figure S6 presents an enlarged graptthe non-exponential decay of a HCI
pulse interacting with botkx- and 3-NAT on a 30 s time scale consisting of a fast and

slowly-decaying portion. The evaluation of suchged admission MS signals has been
presented in the past (lannarelli and Rossi, 2&lpplemental Information (SlI)) and the

present analysis and fitting of the HCI MS sigrfallows the same scheme.

A look at Table 3 should provide an answer as t@thdr or not there is an identifiable
spectral fingerprint of HCI adsorbed oror 3-NAT in the FTIR absorption spectrum of the
combineda- or 3-NAT/HCI system displayed in Figure 6 and Figure 7.

The first column of Table 3 reveals the spectragdrprint of HCI fora-NAT/HCI in terms of
additional peaksif italics) that are not present in the reference spectrume(p-NAT)
recorded using the identical instrument and preskemt the third column. There seem to be
two spectral regions where the presence of HCI begapparent, namely in the 1618-1644
cm’ region corresponding to the broad bending vibratib the proton-ordered waters of
hydration (Ritzhaupt and Devlin, 1991; Martin-Llate et al., 2006), and more importantly,
the band at 1328 cithat overlaps with the 1339 chvibration, the latter of which is not

changing with increasing HCI dose.

The series of FTIR absorption spectra displayedrigure 6 shows the non-monotonous
change of intensity at this transition (1328 9msp1 (red), sp2 (yellow) and sp3 (green)
display the growth of a shoulder to the red of 1825 cnt* peak, sp4 (turquoise), sp5 (blue)
and sp6 (purple) show the separate peak in itinge€1328 crit) owing to evaporation of
HCI together with NAT.

For B-NAT the analogous situation is displayed in theosel and fourth column of Table 3
and Figure 7. Here the presence of HCI is morerelisavithin the FTIR absorption spectrum
of B-NAT as Table 3 suggests the well-separated petietblue of the 3227 chice peak at
3360 cni to be a HCI tracer as it looks very similar to tH€l/H,O system (lannarelli and
Rossi, 2014; Chiesa and Rossi, 2013). The peakdifidd to appear in the FTIR spectrum
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upon HCI adsorption may be found in the fifth cotuof Table 3 which displays the principal
IR peaks in the reference HCHBI system, except the 1200 ¢mibration found in column 1

and 2 whose origin remains unclear.

In order to restrain the number of independent nmeasents on this ternary system to a
practical level we had to make some assumptionfoasdnplifications in order to measure
the unknown parameters of Eq. (2) for each gas.uSpdcifically, we made the following

reasonable assumptions, both foarNAT and [B-NAT substrates which have been

experimentally verified in laboratory experiments:

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

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

Under these assumptions, no additional measureroénitee heterogeneous kinetics ofCH

in the presence of HCI have been performed. We hmaeasured the steady-state flow
FsdHNO3) before each HCI pulse series and used previauslgsuredy,_yat(HNO3) and
ag-naT(HNO3) from TO experiments oa-NAT and B-NAT phases in order to calculate
Re(HNOs) and R(HNO3) according to Egs. (8) and (9) in HCI-PV experitsess well. As a
net result we measure or calculate the followingekc parameters fan-NAT and 3-NAT
substrates: R(HCI), ayar(HCI) and R{HNO3) in the presence of HCI.

Figure 8 displays the results of HCI-PV experimeanis-NAT substrates. Full red diamonds
represent the results for HCI whereas full blackcles represent HN{Oresults using

ag_nat(HNO3) from TO experiments ands§HNOs3) from HCI-PV experiments. Empty
black triangles represent results for HNI@ TO experiments reported from Figure 2 for

comparison.

Figure 8a displays the measured yot(X) as a function of temperature,_yar(HCI) (full
red diamonds) slightly decreases as a functiorewiperature in the range 177.5-199.5 K,
being equal taxic.(H>O) on pure ice at low temperatures and lower bgchof of 4 at T =
199.5 K. The decrease seems to be significant.egabf a,_nar(HNO3s) measured in TO
experiments in the absence of HCI are reportedmtyeblack triangles in agreement with the
third above-listed assumptions. We used these sadluerder to calculate LHNO3) and
Pe{HNOs) in the presence of HCI.
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Figure 8b shows results forRX) in molec §* cm™ as a function of temperature. The same
symbols as in panel (a) are used(RCIl) on a-NAT slightly increases as a function of
temperature, but is lower by a factor of 1000 ia theasured temperature range 177.5-199.5
K compared to R(H20) on pure ice. R(HNOs3) increases as a function of temperature,
varying from 1x18 at 181 K to 9x1dmolec §* 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 (HNO,) following HCI pulses and HNO:;) in the presence of adsorbed HCI
molecules (full black circles) is identical witheéxperimental error to {HNO3) of a-NAT
films free of adsorbed HCI (empty black triangledpwever, this result is contingent upon
the assumptions listed before, namely yat(HNOs) being independent of the presence or

absence of HCI.

Figure 8c shows the results faffX) in Torr calculated according to Eq. (9) for b¢4Cl and
HNO3; as a function of temperature. The same symbols gmnel (a) and (b) are used.
Pe(HCI) for HCI-dopeda-NAT is lower by a factor of approximately 100 coangd to
Pe(H20) on pure ice in the measured temperature rangeomparison with the results of
Pe(HCI) of crystalline HCI hexahydrate and amorph&iGl/H,O mixtures calculated using
the same experimental methodology (lannarelli ansisk 2014) shows thatJHCI) of HCI-
dopeda-NAT is lower by a factor of approximately 10 compé to R(HCI) of crystalline
hexahydrate in the overlapping temperature rangé.$1193.5 K).

Pe(HCI) of amorphous HCI/KD mixtures is higher by a factor of 20 compare®46HCI) of
HCl-doped a-NAT at low temperatures (177.5 K) with the diffece being constant or
slightly decreasing at high temperatures (199.3Kgre R{(HCI) of the amorphous mixture
is only a factor of 4 higher tharfHCI) of a-NAT.

Pe{HNO3) on HCI-dopedr-NAT films is equal within experimental error te£HNO3) of a-
NAT films free of adsorbed HCI. It is lower by actar of 1000 compared to.gH.O) on
pure ice in the measured temperature range 172% 19

Figure 9a (symbols have the same meaning as inrd=igushows 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 fro@28.at 177 K to 0.016 at 201 K which

may or may not be significant. As for the caseneAT, we assume thatg_yar(HNOs)
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(empty black triangles) equals the measured valtieg_yar(HNOs) on HCl-free3-NAT in

two-orifice experiments whose results are displapdéigure 4a.

Figure 9b shows results for the/X) in molec §* cm™ as a function of temperature. The
same symbols as in Panel (a) are usedHRI) on B-NAT is equal at higher temperature
within experimental uncertainty to.lHCI) ona-NAT and is lower by a factor of 1000 in the
temperature range 177- 201 K compared §gHRO) on pure ice. R(HNO3) on HCI-doped
B-NAT films, being equal within experimental errar iR, (HNO3) of undoped3-NAT films,
indicates that adsorbed HCI molecules seem to haveffect on the rate of evaporation of

HNO;s; from B-NAT films in the presence of HCI as well, at lessthe given T range.

Figure 9c shows the results faffX) 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.
Pe(HCI) of HCl-doped-NAT is lower by a factor of approximately 100 coan@d to
Pe(H20) on pure ice. &HCI) of HCIl-doped [3-NAT is identical within experimental
uncertainty to R(HCI) of HCI-dopeda-NAT in the measured temperature range 177-201 K
and the same observations are valid when compBeiigCl) of crystalline HCI hexahydrate

with amorphous HCI/BED mixtures (lannarelli and Rossi, 2014).
4 Discussion

In this work we have been able to grow HNOydrates 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 madanbe is concerned. Spontaneous
crystallization ofa-NAT film on pure ice has been observed upon HN@position. Under
the present condition§-NAT was never observed to crystallize directly mpblINO;
deposition but was always obtained as the stabim fafter conversion o&-NAT films.
Temperatures higher than 185 K are necessary éacdhversion to occur on the time scale of

the experiments we have performed.

a,—nat(H20) shows two distinct temperature dependent regimietemperatures lower than
180-185 K it decreases as a function of temperaeaehing a minimum of approximately
0.003 at 185 K as displayed in Figure 2a. For teatpees higher than 185 &, _nat(H20)
increases as a function of temperature, being équa(H-O) on pure ice andg_ya7(H20)
at 193.5 K. An Arrhenius representation of the evapve flux J(H20) (see Table 1) oa-

NAT shows two distinct regimes of temperature deleeice, as well. Figure 10 reports the
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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 uncertaimythe measured temperature range.

Egs. (11) and (12) present the two-parameter reptasons of the Arrhenius lines for
Je(H20) displayed in Figure 10. Equations (11) and (Epresent the solid and dashed red
lines, respectively, with R = 8.314 J'nol* used throughout:

(75.3 £ 9.9)x103

181 K< T < 193.5 K:logJe,(H,0)[molec-cm™2-s~1] = (35.9 + 2.8) — 303 RT

(11)

(3.5 + 4.2)x103

167 K< T<181 K:logJe,(H,0)[molec- cm~2-s~1] = (15.1 + 1.2) — 303 RT

(12)

Table 4 reports a synopsis of the kinetig)(ds well as the thermodynamic.gPparameters

calculated for all experiments of the present work.

The considerable scatter in the kinetic data, c&dld in the significant uncertainties of Egs.
(11) and (12), may be explained by the variabititythe surface composition of the film as
well as the surface roughness and surface disofdée ice substrates, in analogy to the HCI
case (lannarelli and Rossi, 2014). For HCI thdtecan the kinetic data was thought to be
due to the stochastic nature of crystal growth etahnydrate films compared to amorphous

mixtures of HCI/HO of similar composition and does not represeatck bf reproducibility.

Moussa et al. (2013) have observed variations ofoup factor of 10 of the HNOvapor
pressure of “smooth” ice samples exposed to kiE©a result of induced surface disorder.
The exposure of the present samples to repeatdd Hi supersaturation during PV
experiments may lead to surface increased disaaerto liquefaction and/or reconstruction.
In the high temperature regime we calculate anvaintin energy for KO evaporation
Eel(H20) = (75.3 + 9.9) kJ mdi and in the low temperature regimes almost no &zatpre
dependence is observed with an activation enengidf@ evaporation of §H0) = (3.5
4.2) kJ mot.

The discontinuity in the Arrhenius representatidnkmetic parameters has already been

observed in pure ice as reported by Chaix et 80&); 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 drgmuity at approximately 208 K in their

work on HO evaporation from HCl and HBr doped ice substratesa quartz crystal

microbalance study of ¥ evaporation from pure ice the change in slopepsrted at 193 +
22
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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 beevamacked. 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 thdyi@and evolution of the sample play a
role in the arrangement of the structure, similaoythe case of the presence of cubic ice at
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 Anel TO (solid line)

experiments of £H.0) as shown in the van ‘t Hoff representation digptl in Figure 11.

As already mentioned, the ice surface is exposed series of pulses of,@ during PV
experiments. The free sites may be saturated b#fermtroduction of each consecutive pulse
resulting in the discrepancy between PV and TO exmnts. We therefore believe that the
results from PV experiments are more precise bsg kccurate 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 fitT@r and PV experiments @iNAT displayed

in Figure 11, respectively:

(76.7 + 17.7)x103

log Peq(H,0)[Torr] = (16.7 + 4.9) 503 RT TO — Preferred (13)
75.5 + 11.1)x103
log Peq(H,0)[Torr] = (16.7 + 3.0) —% PV (14)

The enthalpies of evaporation ob® on 3-NAT films calculated for the two measurement
techniques ardHY, 1o (H,0) = (76.7 + 17.7) kJ mdl for TO andAHY, py(H,0) = (75.5 +
11.1) kJ mot for PV experiments, respectively. The results slyped agreement between
the two experimental techniques despite the exmiah scatter. The average value of
AHS,(H,0) = (76.1 + 14.4) kJ mdl is slightly higher, as expected, but not signifita
different compared ta-NAT films. Figure S2 of Supplement C displays a'v&loff plot for
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a-NAT with AHY,(H,0) = (70.3 + 14.1) and (56.5 + 5.1) kJ mofor TO and PV
experiments, respectively. Both values are idehtthin experimental uncertainty whose
average vyieldaH?,(H,0) = (63.4 + 9.6) kJ mdl and which leads to a standard enthalpy of
formation slightly larger than that f@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 hif two measurement
techniques regarding®H.0) anda(H20) for B-NAT. Figure 4 already shows a discrepancy
in a(H20) (full and empty red squares in panel a) with riggults of TO experiments being
larger by a factor of approximately 5 at 185 K gasing to a factor of 100 at 200 K compared
to PV experimental results across the whole tentiperaange. The same qualitative trend,
albeit to a smaller extent, is observed fog(R:O) (Figure 4b) and the Arrhenius
representation ofc{H>0O) on 3-NAT clearly shows the discrepancy between theedsifit

measurement techniques.

The two-parameter representations of the Arrhelngs displayed in Figure 12 f@-NAT
are reported in Egs. (15) and (16) for TO (soliwe)i and PV (dotted line) experiments,

respectively:

(77.0 £ 4.9)x103

logJey(H,0)[molec- cm™2 - s71] = (36.0 + 1.3) I

TO — Preferred  (15)

(52.1 + 2.4)x103

logJey(H,0)[molec- cm™2 - s71] = (28.7 + 0.7) T

PV (16)

Contrary to the case afi-NAT, no discontinuity in ¢(H>O) has been observed in the
Arrhenius plot of3-NAT displayed in Figure 12. We attribute the degmancy between PV
and TO experiments to the fact that the former Imagubject to partial saturation of uptake
and evaporation in the aftermath of transient sagiaration (PV). A look at the results of
a,_nat(H20) in Figure 2a reveals that the results of the mMi@surement technique agrees
well with the PV technique in the overlapping temgbere range. However, this plot displays
a “hole” of a factor of 20 centered in the neightmd of T = 180 + 3 K with respect to the
values at the fringes of the temperature intefllaére are indications that PV experiments on
o-NAT substrates may yield lower valuesogf_na1(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\pexments are very sensitive to the

interfacial nature of the sample. In other wordansient supersaturation (PV) and “passive”
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steady-state (TO) experiments may address diffgneagerties of the gas-condensed surface
interface. This is the first time such a large dipancy between two kinetic measurements
techniqgues has been observed. As expected, thgmawdc results are not affected for
reasons of microscopic reversibility because battward ¢@(H.O)) and reverse reactions
(JeH20)) are affected to the same extent which canagidon the calculation of the values
of thermodynamic parameters.

Figure S3 of Supplement C shows the results of déements using ¥D as a probe gas on
o-NAT and B-NAT substrates. Red and black circles represemtdicay of series of two
pulses oru- and3-NAT, respectively, with the first and second puksieeled accordingly. In
the case obi-NAT films (red circles), the decay of the secondsps is equal to within 20-
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 casefef
NAT films, the decay of second pulses is consi$gesiower than the decay of first pulses in
most cases. This indicates that the surfaceBMAT films exposed to a transient

supersaturation of ¥D vapor is more prone to saturation compareu-bAT.

As mentioned before, we consider the results ofekPeriments preferred f@-NAT this
work despite its larger uncertainty. The enthalm’égvaporationAHgv,To(HZO) = (76.7 £
17.7) kJ mot and the activation energy for evaporatigg(#,0) = (77.0 + 4.9) kJ mdlare
equal to within experimental uncertainties. We ughldte an activation energy of
accommodation for $0 onB-NAT of EacdH20) = E:(H20) - AHY, 1o(H,0) = 0. Therefore,
no activation energy is required for the accommiodgtrocess of kD on3-NAT which is an
expected experimental outcome. In contrast, thgadmn energy for HO accommodation on
a-NAT is computed as &{H20) = E(H20) - AHQ, average(H20) = 75.3 — 63.4 = 11.9
kJ/mol when using a value averaged over the PV BEDdexperiment of 63.4 kJ/mol for
AHgv,average(HZO). This small, but possibly significant positive igation energy is
consistent with the positive temperature dependeheg, _yat(H20) displayed in Figure 2a

for the TO experiment at T > 182 K, that is in thgh T-range.

ReH20) on botha-NAT and3-NAT is smaller compared toc&H.O) on pure ice. This is in
agreement with the results of Tolbert and Middlelr¢1990), Middlebrook et al. (1996),
Warshawsky et al. (1999) and Delval and Rossi (20@%0 showed that ice coated with a

number of molecular layers of NAT evaporategOHat a slower rate than pure ice. On the
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other hand, our results are in contrast with thdifigs of Biermann et al. (1998) who report
that no significant decrease of the(Hevaporation rate was observed in HN{Dped ice
films. The discrepancy may possibly be caused byhtgh total pressure of 0.85 mbar in their
reactor compared to all other competitive studiesdabove that use high-vacuum chambers

with total pressures lower by typically a factors®0 or more.

It is very likely that the experiments performed Bigrmann et al. (1998) were not sensitive
to changes in evaporation rates despite the fattibth the HN@and HO concentrations
used as well as the thickness of the accumulated@ lyers in their no. 5 experiment were of
the same magnitude as in the competing studiesntétdn that effect is the unexpected time
dependence of the ice evaporation rate in Bierngdrah (1998) that shows an induction time
of 30 minutes as opposed to the expected lineaedse from the beginning of evaporation
(see below). We are unable to attribute the sooftlee measured 1 vapor in the presence
of two H,O-containing solid phases in our chemical systemmealy pure HO ice and NAT.
We restate that the partial pressures at constampdrature are controlled by the (relative)
composition of the system in agreement with thelsirdegree of freedom resulting from
Gibb’s Phase Rule and the data displayed in tharpiHNOy/H,O phase diagrams displayed
in Figure 3, Figure 5 and Figure Sb5.

Delval and Rossi (2005) report that the initial gaation of HO in their experiments was
always that of pure ice and thaff.0) gradually decreases with the evaporation of &xce
H,O and the increase in the average HNfble fraction. They refer to this difference as
“high and low evaporation rate” regime of;® Our observation is somewhat different
compared to Delval and Rossi (2005):(R20) ona-NAT and3-NAT is smaller compared

to R.(H20) on pure ice over the whole temperature rangg@nall samples. The reason lies
in the fact that the average mole fraction of HNDthe present samples is higher by at least
a factor of 10 compared to the one used by Delwal Rossi (2005). Therefore all our
samples are in the “low evaporation rate” regimeHgd and our results compare well with
the results of Delval and Rossi (2005) once thegpevate excess B and reach the “low

evaporation rate” regime.

Figure 13 displays both the Arrhenius plots @{HNO3) (A) and the van ‘t Hoff plots of
Pe{HNO3) (B) for the interaction of HN®with a- and B-NAT films. We would like to

briefly remind the reader that only TO experimewsre possible for HN@®experiments
because no sharp pulses could be generated with IBNIO;, presumably owing to the
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tendency of nitric acid to stick to the inner sadg, mainly on stainless (austenitic) steel. This
has been verified by measuring the Langmuir adswrpin that same surface (Figure S1,

Table 2). The following equations define the cqoeexling straight lines based on the present
measurements. FONAT (Egs. (17) and (18)) arf8tNAT (Egs. (19) and (20)) films we find

the following results:

(178.0 + 27.4)x103

o-NAT: logJey(HNO3)[molec - cm~?-s7'] = (62.3 + 7.8) 2.303 RT (17)
128.6 + 42.4)x103
log P.q(HNO,)[Torr] = (29.3 + 12.0) — L2022 (18)
3
B-NAT: logJey(HNO3)[molec-cm™2 -s71] = (40.6 + 2.4) — % (19)
96.5 +12.0)x103
log P.q(HNO3)[Torr] = (19.8 £ 3.3) —% (20)

We calculate an activation energy for HN@vaporation ona-NAT and B-NAT of
Ee(HNOs) = (178.0 + 27.4) kJ mdland E(HNOs) = (102.0 + 8.6) kJ mdi respectively.
These values are higher compared ¢gHECI) = (87.0 + 17) kJ mdl, the activation energy
for HCI evaporation on hexahydrate. This resultwishin expectation given the higher

hydrogen bond energy of HN@ompared to HCI with }D.

Similar to the case of #D, no activation energy for accommodation of HN\ED 3-NAT is
required since the evaporation activation energfHRNO3) = (102.0 + 8.6) kJ mdiand the
enthalpy of evaporationH?, (HNO) = (96.5 + 12.0) kJ mdl are equal within experimental
uncertainty. In contrast, a substantial activagaergy of HNQ mass accommodation of 49.4
kd/mol is calculated from J&(HNO3) = Eeo(HNO3) - AHY, 1o(HNOg) = 178.0 — 128.6 = 49.9
kJ/mol which may have to do with the fact tlhaNAT is metastable owing to its unstable

H,O crystal structure (Weiss et al., 2016).

The thermodynamic parameters obtained above, naniély(H,0) and AHY,(HNO,) for
both a- andB-NAT may now be used to estimate the relative Btalof a- vs. B-NAT as
follows. The evaporation/condensation equilibriumor footh forms of NAT may be
represented in equation (21) whé&He,’ = 3AHY? (H,0) +AHQ,(HNO3) in agreement with

the relevant stoichiometry:

HNO3e3H,0(s) S 3H,0(g) + HNG,(g) EAHe”) (21)
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For a- and B-NAT we obtain ZAHe>® and ZAH® equal to 318.8 and 324.8 kJ/mol,
respectively, when we use the average of the TORWdxperiment for bD and the TO
value listed above for HNg evaporation. Specifically, we have used (63.46) &nd (128.6

*+ 42.2) for HO- and (76.1 + 14.4) and (96.5 + 12.0) for HN&Yaporation fora- and 3-
NAT, respectively, as displayed above. Finally, aeive at the differenc&AHe " -
ZAHe\,O'B = -6.0 = 20.0 kJ/mol which shows th&NAT is marginally more stable tham-
NAT. This is true despite the fact that the staddasat of evaporation for HNGn a-NAT
(AHY,(HNO,)) 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;3 without taking into consideration the partial slip of the H,O network in the total
crystal structure. In view of the large uncertajntpainly brought about by the TO
experiment, we regard this result as an estimatthé¢otrue standard enthalpy difference

betweern- andp-NAT.

The results of HCI kinetic measurements displayed-igure 8 and Figure 9 show that
Re(HCI) is always higher than LHNOs), with the latter being equal regardless of the
presence of absorbed HCI molecules in the condeplsasge. Hynes et al. (2002) observed
that HCI uptake on HN©dosed ice was always nearly reversible in thepeexents, in
contrast to HCI uptake on clean ice. Although taeme HNQ dosed ice surface has been
dosed repeatedly at different HCl concentrationsHynes et al. (2002), the degree of
reversibility was found to be unaffected by prewoexperiments. In contrast, we never
observed such reversibility. In our experiments, | Hlivays remained on the surface,
evaporating at a rate only slightly faster than HNOth fora-NAT and3-NAT and similarly

to Re(HCI) of crystalline hexahydrate (lannarelli and sRip 2014). However, a possible
influence of the temperature cannot be excludelistime, as the experiments performed by
Hynes et al. (2002) have been performed at digyirfagher temperatures, namely in the
range 210-235 K, compared to the experiments dieclisere.

Similar behavior has been observed by Kuhs et28l1Z) 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 processingthenmodynamic grounds. Apparent
formation of | has been observed over a wide temperature rangeedadence pointed

towards the fact that the resulting phase is naok pubic ice but instead composed of
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disordered cubic and hexagonal stacking sequeKcks et al. (2012) studied the extent and
relevance of the stacking disorder using both oeutis 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 tempezatas high as 210 K, the fraction of cubic
sequences in vapor deposited ice is still approveimal0%. The rate of decrease in cubicity
depends on the temperature, being very slow at d@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, eaéter 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) candwstinguish the difference between the
bulk and the interface whereas our measurementitpaoes, in particular PV experiments, are

very sensitive to the nature and properties oktmaple 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-disordéthe ice upon which the
NAT grows. HNQ adsorbed on cubic icetends to forna-NAT crystalline structures which
upon heating converts ®NAT while the ice loses part of its cubicity. Themperature at
which the conversion frono-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 &rom of a-NAT or 3-NAT may highly
depend on the environment in which the NAT phas&grand on the presence of high or low

fractions of “I".

Figure 14 displays both the Arrhenius plots g{HCI) (A) and the van ‘t Hoff plots of
P(HCI) (B) for the interaction of HCI wittu-NAT and B-NAT films. As for the case of
HNO;3, only TO experiments were performed with HCI agrabe gas. Full red circles and

black triangles represent the interaction of HGhwi- and3-NAT films, respectively.

The following equations define the correspondinmgight lines resulting from the present
measurements. FO-NAT (Egs. (22) and (23)) arf8tNAT films (Egs. (24) and (25)) we find

the following results:

(78.3 +19.2)x103

o-NAT: logJey(HC) [molec- cm™ - s™1] = (34.8 + 5.3) — 2.303 RT

(22)
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(78.4 + 11.4)x103

log Peq (HCD[Torr] = (15.7 % 3.2) — === (23)
B-NAT: logJey(HCD)[molec- cm™2 - s~ 1] = (28.6 + 1.3) — % (24)
69.6 + 5.8)x103
log Peq (HCD)[Torr] = (13.3 + 1.6) - 22000 (25)

Despite the considerable scatter of the data disdlan Figure 14 it may be pointed out that
the enthalpy of HCI evaporation is identical orandp-NAT within the stated experimental
uncertainty: We compauH’.(HCI) of 78.4 + 11.4 and 69.6 + 5.8 kJ/mol for andp-NAT
(equations (23) and (25)). On the other hand, we leguality, perhaps fortuitously, between
Ee(HCI) and AH%(HCI) for a-NAT following equations (22) and (23) which leatdsthe
conclusion that HCI accommodation aANAT is not an activated process with essentially
zero activation energy similar to the situation H#iMOs interacting withB-NAT. On the other
hand, this type of argument would lead to a negatactivation energy for HCI
accommodation or3-NAT because the enthalpy of evaporation of HCImr@8-NAT is
smaller than E(HCI) from B-NAT.

However, the kinetic data of,HCI) for B-NAT may be affected by saturation of HCI uptake
because experiments have been performed using\thadmission. This situation may be
similar to the kinetic results ofe JH.O) for B-NAT displayed in Figure 12 that shows a
significantly smaller value for &H-0) in PV vs. TO experiments (52.1 vs. 75.5 kJ/rsek
also Table 4) whereas the saturation effect seansonaffect the kinetic data far-NAT.
The anomalously large experimental uncertainty HMO3; TO experiments oro-NAT
displayed in Table 4 certainly has to do with testricted temperature interval over which we
were able to moniton-NAT before it converted t@-NAT. This may be seen in the synoptic
overview of the van’t Hoff plots for HNQinteracting with NAT displayed in Figure S4 of
Supplement D. This restricted T range is also lasib Figure 13A for J(HNO3) from a-
NAT..

5 Atmospheric implications and conclusion

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

temperatures found in the stratosphere leads todion of NAT hydrates.
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Of the two known forms of NAT, namelyo-NAT and (-NAT, the latter is the
thermodynamically stable one whereas metas@aNAT is likely to be of lesser importance

in the heterogeneous processes at UT/LS atmosphgrielevant conditions.

Re(H20) on a-NAT and B-NAT films are very different compared to the cageHCl/ice
where the evaporation of,B is not influenced by the presence of adsorbed ¢iCthe ice
and takes place at a rate characteristic of pwgeTibis has important implications on the
lifetime of atmospheric ice particles. Ice partchith adsorbed HNOforming NAT have
longer lifetimes compared to ice particles with@tied HCI, being amorphous or crystalline
HCl*6H,0. In light of our results we raise the questioM&l-containing ice particles are of
significant atmospheric relevance as substratesh&ierogeneous reactions due to their
reduced lifetimes and concurrent reduced opporasitb enable heterogeneous atmospheric

reactions such as Reaction (1).

Je(H20) on a-NAT presents a discontinuity at 185 K akin to tlaterved in pure ice by
Delval and Rossi (2004); Pratte et al. (2006). féwuilting Arrhenius representation at high

temperatures larger than 181 £ 2 K is:

(75.3 +9.9)x103

logJev(H,0)[molec- cm™ - s™'] = (35.9 + 2.8) — 2.303 RT

(11)

JeH20) on-NAT shows two values depending on the measureteehhiques as a result of
the propensity of the PV experiment to saturategeecondensate interface. TO experiments
are less precise but more accurate owing to thetfet they are less prone to saturation
compared to PV experiments. Therefore, we repatlt® of TO experiments as preferred
values, whereas we rule out kinetic PV results gwwnpossible saturation problems and note
in passing tha-NAT is apparently more prone to saturation tleaefNAT. The Arrhenius

representation for the preferred TO results is:

(77.0 + 4.9)x103

TO Experiments: log Je, (H20)[molec- cm™ - s71] = (36.0 + 1.3) — -

(15)

HCI kinetic measurements am-NAT and [3-NAT indicate that HCI does not displace a
significant number of HN@molecules from the ice surface upon deposition,rather that
HCIl and HNQ do not strongly interact with each other in thedensed phase and that HCI
evaporates faster. This observation is also suppdy the slower rates of evaporation and
the correspondingly higher values of the HN&aporation activation energy oaNAT and

B-NAT, Eo(HNOs) = (178.0 + 27.4) and (102.0 + 8.6) kJ mhdbkee Table 4), respectively,
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compared to the activation energy for HCI| evaporatin HC$6H,0, E.(HCI) = (87.0 £ 17)
kJ mol*. This also is consistent with a larger calculatedraction energy of HNOwith H,O

(“affinity”) in a-NAT compared tB-NAT (Weiss et al., 2016) despite the fact thet°(a-

NAT) is less stable by 6.0 + 20 kJ/mol comparefi-tdAT.

A look at Table 5 reveals evaporative lifetimesvafious ice particles with respect to®
evaporation. Equation (26) and (27) present themendts of a very simple layer-by-layer
molecular model used to estimate evaporation hifet 0. at atmospheric conditions
(Alcala et al., 2002; Chiesa and Rossi, 2013):

Btot = (r/a)NVIL/Jevrh (26)
™ = 1,"¥(1-rh/100) (27)

with r, a, rh and N_ being the radius of the ice particle, shell thigs), relative humidity in
% and the number of molecules €morresponding to one monolayes,and 4" are the
evaporation fluxes of #D at rh and rh = 0, the latter corresponding tontftaximum value of
Jev Which we calculate following Equation (2) or (8)he salient feature of this simple
evaporation model is the linear rate of changdefradius or diameter of the particle, a well-
and widely known fact in aerosol physics in whibk shrinking or growing size (diameter) of
an aerosol particle is linear with time if the raié evaporation is zero order, that is

independent of a concentration term.

Table 5 lists the evaporation life times which ao# defined in terms of an e-folding time
when dealing with first-order processes. In thiamagle the lifetime is the time span between
the cradle and death of the particle, this meaos f given diameter 2r and “death” at 2r = 0.
The chosen atmospheric conditions correspond toKL9® = 80%, a = 2.5 A for 0O and
3.35 A for all other systems, r = {n and estimated values 6X1Bx13* and 1x1&° molec
cm? for Ny, of HNOs, HCI and HO. It is immediately apparent that there is a larggation

of Byt values for atmospherically relevant conditions ahhigoes into the direction of
increasing opportunities for heterogeneous inteyaakith atmospheric trace gases, even for

pure ice (PSC type Il). Table 5 is concerned wihmost volatile component, namely

If we now turn our attention to the least volatlemponent such as HNGn B-NAT we

obtainBy: = 5.1 d and 33.9 d for 0 and 85% HN&mospheric saturation, the former being
the maximum possible evaporation rate for 0% HNgturation. The other boundary
conditions are 190 K, polar upper tropospheric @k at 11 km altitude (226.3 mb at 210
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K), 1 ppb HNQ, 10 ppm HO corresponding to 85% HNQaturation. This goes to show that
laboratory experiments on gas-condensed phase mgela lower volatility components in
atmospheric hydrates are fraught with complicatidgh®llows as a corollary that both HCI,
but especially HN@ contamination of KD ice is bound to persist for all practical

atmospheric conditions.

At last it is useful to view the outcome of a reicboratory experiment dealing with the
binary HNG/H,0 system monitored using a cryogenic mirror hygreméCMH) (Gao et al.,
2016) in light of the present kinetic results. lhe tbasic experimental set-up the behavior of
the sample CMH exposed to a combined low pressu@HNO; flow is compared to the
response of a reference CMH that is located upstiidfahe HNQ source and exposed to the
H,O flow alone, and has been described in detaillgriiberry et al. (2011). Any increase in
scattering of the incident monitoring laser beamngwto growth of the polycrystalline ice
deposit will be counterbalanced by heating of theranto bring back the optical detector
signal to a predetermined set point. The typicgdegxnental sequence in Gao et al. (2016)
starts by establishing pure ice frost layers o S&MH mirrors at a stable mixing ratio of <
10 ppm after which a continuous flow of Hh®@as added such that the flow past the sample
CMH contained 80-100 ppb HNO

After typically one hour the gradual build-up oNAT layer on the CMH was accompanied
by a temperature increase of the sample CMH ttesatbund the saturation temperatutg T
of NAT at the chosen ¥ and HNQ flow rate. An increase of the,B flow from 6 to 80
ppm led to ice growth on both mirrors accompanigai increase of JJ;of NAT adjusting to
the new HO flow rate. Suddenly, the HNGlow was shut off which first led to a rapidly
decreasing MS signal for HNGut ending up in an above background signal cpomding

to 0.5 to 1.0 ppb HN® The temperature of the sample CMH continued twedese below df;

of pure ice monitored by the reference CMH suggegstihat R{H-O) of the condensate had
become larger than that of pure ice. This soliteste the sample CMH was called “second
condensate”. The low level of HN@ontinued to react to repetitive increases (CMHiting)
and decreases (CMH cooling) of the(Hflow in a reproducible manner all the while stayi
below the level corresponding te,dof pure ice on the reference CMH. These repetit»®@
on-off sequences provided additional evidence efdbntinued evaporation of HNGrom
the condensate. The response of HNgaving the condensate undersaturated with respect
NAT is at first sight certainly unexpected basedlmnresults displayed in Figures 2b and 4b.
However, if one considers the relatively high mirtemperatures ranging between 207 and
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213 K between which the “second condensate” wakedyxy way of changing the B flows

it suddenly becomes conceivable that(RNO3;) becomes equal to RH.O) in that
temperature range. Linear extrapolation of the laibsaates of evaporation hints at similar
magnitude for temperatures exceeding 21®KNAT (Figure 4). Foo-NAT the temperature

at which the evaporation rates of®and HNQ become equal is even below 200 K owing to
a steeper T-dependence of{RINOs3) in a-NAT (Figure 2 and Table 4). We conclude, that
the observed dynamics of the experiment perfornye@dwo et al. (2016) is entirely consistent
with the kinetic results of the present study. Heare the results of the Gao et al. (2016)
laboratory experiment would certainly be differabiower temperatures more representative
of the UT/LS.
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1199 Table 1: Characteristic parameters of the usedeSitiFlow Reactor (SFR).

Reactor volume (upper chamber) Vg = 2036 cni
MS (lower) chamber Vs = 1750 cni
Reactor internal surface Sw = 1885 crm

H,O calibrated volume — inlet line Vyater = 62 ¢

HNO; calibrated volume — inlet line Vacid = 20 cm

Si support area (one side) Asi = 0.99 cm

Ag/ _ _1
Surface to Volume ratio 2 S'/VR =0.9725x10" cm

Reactor wall temperature Ty=315K

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

1200 @Minkg; Ag in n. Vin m%;, R = 8.314 J K mol™. “One side” corresponds to front or rear side iefBidow.
1201 In order to calculate the accommodation coefficenising equation (3) we have used s the total collision
1202 frequency for both sides of the Si-window.

1203

HNO3 H,0 HCI
Base Peak Signal MS [m/z] 46 18 36
MS Calibration Facto€* [molec™ s A] 453x10%”° |6.65x10% |1.30x10%°
Escape rate constant
0.0913 0.1710 0.1213
kS,. = CS \/; (small orifice) [S']
T .
kese = CM\/% (both orifices) [S] 0.4331 0.8102 0.5729
Gas-surface collision frequency at 315|K,
= 3.95 7.39 5.22
oneside [§]®@ w=""A, = BRT As
4V TM 4V
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1204 Table 2: Fit parameters of the Langmuir adsorpisstherms for HO, HNO; and HCI

1205

1206
1207
1208
1209
1210
1211

1212

interaction with the internal stainless steel (S§3urfaces of the SFR.

Adsorbed Gas KL NtoT Nmax O
(Additional Gas) @ | [x101q® [x10%] © [x10" @ | [x109®@
H,O 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 4.45+0.15 —
(HCI, R, = 8x10%
HNO; 1.10 +0.16 93 +11 49+6 2.92 +0.10
HNO;
1.61 +0.40 76 + 15 40+ 8 —
(H20, Rn = 2-3x10°)
HNO;
1.28 +0.17 84 +8 45 + 4 -
(average values)
HCI 437 + 21 5.06 +0.06 268+0.03 16.9+0|3
HCI
63.1+4.9 4.85 + 0.07 257+0.04 -—
(H20, Fn = 6x13°)
HCI
64.6 +6.3 3.79 + 0.09 2.01+0.04 -
(H20, F, = 3x109)

@F, is the flow rate of the additional gas in molét s

®K, is the Langmuir adsorption equilibrium constantin’ molec™.

© N;or is the total number of adsorbed molecules ontdrttexnal surfaces, reported is the saturationevédu
total internal surface (1885 éjrof SFR.

@ Nyax is the adsorption site density in molec &m

®q, is the reactor wall accommodation coefficient.

42



1213
1214

1215
1216
1217
1218

1219
1220
1221
1222
1223

Table 3: Peak Positions in &hin the mid-IR of HNQ and HNQ/HCI Hydrate$.

a-NAT/HCI B-NAT/HCI a-NAT/ice B-NAT/ice | HCI/H,O am
this work this work lannarelli et | lannarelli et lannarelli et
al., 2015 al., 2015 al., 2014
3430 (sh) 3430
3354 (sh) 3360 3377 3360
3233 3227 3233 3233 3236
1767°¢ 1850 1760 1850 1736
1828°9, 1625-1560°¢ 1639
1375 1378 1385 1378
1328 1339 1339
1196 1198

#Values in italics indicate significant changeshia spectrum upon addition of HClde or 3-NAT.

® The vibration on the third entry invariably copesds tov; (antisymmetric stretch) H-O-H in 8 ice.

° Broad band. The estimated uncertainty in the peskion is + 7.5 compared to the usual + 2'cm

4 With increasing HCI content broad band at 1767 eplits into two bands at 1828 and 1525-1650.cm
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1224
1225 Table 4: Synopsis of thermodynamicdPand kinetic (d) parameters of the Arrhenius and

1226 van ‘t Hoff representation of data from Figure ByUfe 4, Figure 8 and Figure 9.

b
\]ev(a) Peq( )
Eev A AHY, AS/e
Sample Gas Exp.
TO 75.3+9.9 359+238 70.3+14.1 15.2 + 4,
H,O
PV 35+4.2 151 1.2 56.5+5.1 11.8+1.
a-NAT
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+49 36.0+1.3 76.7 + 17.7 16.7 £ 4,
H,O
PV 52.1+24 28.7+0.7 75.5+11.1 16.7 + 3.
B-NAT
HNO; TO 102.0£ 8.6 40624 96.5 £ 12.( 19.8+3
HCI PV 56.7+£4.6 28.6+1.3 69.6 +5.8 13.3+1.
1227 @for gas X, R = 8.314 J’Kmol™ logJe, (X)[molec - cm™2 - s71] - %
: AS  AHQ,x103
1228  ®for gas X, R = 8.314 J'’Kmol™: log P.,(X)[Torr] = == ﬁ
1229

1230




1231 Table 5: Atmospheric Lifetimes of various Rfn diameter Ice Particles at 190 K calculated

1232 using the measured absolute rate gdtvaporation of corresponding ice parficle

Molecular Evaporation Flux Lifetime 6/h Dopant Dose/ML
System JedM)
(molecular
(molecule cn?® s%) monolayer)
H,O 2.1x10° 2.6 pure
HCI/H,0 5.1x10° 10.9 <3 ML
1.4x10° 39.7 23 ML
HBI/H,0 2.1x10° 26.5 <3 ML
a-NAT/H,0 1.8x10° 23.1 pure
B-NAT/H,O 6.0x103* 69.4 pure

1233 2 Conditions: T= 190 K, rh = 80%, a correspondsxpegimentally measured interlayer distance (XRBR.&
1234  and 3.35 A for HO, HCI-, HBr-H,0 and NAT, resp., r=1Am ice particle, ML for HN@, HCI, H,0 is 6 x 164
1235 3 x10% 1 x 13> respectively.

1236

1237

45



— 170 Pump
Liquid N2

Electrical Cartridge
Pulsed . Heater
Solenoid Valve

B%_J = Continuous

Inlets
Pressure [ I I
Gauge I chdTe IR
L] Detector
Z 7,
FTIR vim —F= + >
— Large

Small Leak Valve
Leak Valve
1" Siwindow

(< :

——— 2" NaCl windows ——

? 6" Gate Valve?
MS
1238

1239 Figure 1. Schematic drawing of the reactor usedhis work. The diagnostic tools are

1240 highlighted in red and important parameters atedisn Table 1 and Table 2. The ice film is
1241 deposited on both sides of the 1” diameter Si wimdblack vertical symbol hanging from
1242 cryostat inside reaction vessel).
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Figure 2: Synopsis of kinetic results fofNAT 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 expetan&he different symbols are coded
in panel b. The calculated relative error for PVpexments is 30% whereas for TO
experiments we estimate a relative error of 60%angxes of the amplitude of the errors are
reported for selected points. The black line shoesults from Marti and Mauersberger

(1993) with R(H20) of pure ice calculated for the system in usaegigi= 1.
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Figure 3: Binary phase diagram of the HXdO system reconstructed from McElroy et al.
(1986); Hamill et al. (1988); Molina (1994). Thdlfaymbols represent calculated values of
Pe(H20) for a-NAT and NAD using the kinetic data of PV experirteenEmpty circles
represent calculated values Qf(P-0O) for a-NAT using the kinetic data of two-orifice (TO)
experiments. The solid lines represent the coaxisteconditions for two phases and the
dashed lines represent vapor pressures of liquitls e@mposition given as % (w/w) of

HNOs. The shaded gray represents polar stratospheraitams.
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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 represBM experiments and

empty symbols represent TO experiments. The diffesgmbols are coded in panel b. The
calculated relative error for PV experiments is 3@¥ereas for TO experiments we estimate
a relative error of 60%. Examples of the amplitwdehe errors are reported for selected

points. The green line shows results from Marti Bladiersberger (1993).
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Figure 5: Binary phase diagram of the HXdO system reconstructed from McElroy et al.
(1986); Hamill et al. (1988); Molina (1994). Thdlfaymbols represent calculated values of
Pe(H20) for B-NAT using the kinetic data of PV experiments. Eynpircles represent
calculated values offH20) using the kinetic data of TO (Two-Orifice) exipeents. The
solid lines represent the coexistence conditiongvio phases and the dashed lines represent
vapor pressures of liquids with composition given% (w/w) of HNQ. The shaded gray
represents polar stratospheric conditions.
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Figure 6: Repetitive PV (Pulsed Valve) depositiotpeziment of HCI on ar-NAT/ice
substrate under SFR conditions followed by MS (lop@nel) and FTIR transmission across
the thin film (upper panel) as a function of tinla. the lower panel the temperature is
displayed as the green trace, the red MS signaésepts HCI at m/e 36 amu with the pulsed
forcing recognizable as single peaks (12) on tofhefred columns. The individual HCI doses
correspond to approximately (4-5)%¥8@nolecule per pulse resulting in a total dose df@%
molecules. The blue and black traces represemnetiponse of O (m/e 18 amu) and HNO
(m/e 46 amu) as a function of time (temperature) &I forcing. The upper trace displays
FTIR transmission spectra at selected times ingécat the lower panel through color coding.

The principal peak positions are listed in Tabln8 the changes are discussed in the text.
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Figure 7: Repetitive PV (Pulsed Valve) depositioqpexriment of HCI on arf3-NAT/ice
substrate under SFR conditions followed by MS (lop&nel) and FTIR transmission across
the thin film (upper panel) as a function of tinla. the lower panel the temperature is
displayed as the green trace, the red MS signatsepts HC| at m/e 36 amu with the pulsed
forcing recognizable as single peaks (11) on tofhefred columns. The individual HCI doses
correspond to approximately (6-7)%X%@nolecule per pulse resulting in a total dose dfGtk
molecules. The blue and black traces represenegponse of bO (m/e 18 amu) and HNO
(m/e 46 amu) as a function of time (temperature) &I forcing. The upper trace displays
FTIR transmission spectra at selected times inelecat the lower panel through color coding.
The principal peak positions are listed in Tabln8 the changes are discussed in the text.
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Figure 8: Synopsis of kinetic results ImNAT using HCI as a probe gas in PV experiments.

The used symbols are coded in the upper panel. CBhaulated relative error for PV

experiments is 30%. The black line shows resuttisifMarti and Mauersberger (1993).
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Figure 9: Synopsis of kinetic results ##NAT using HCI as a probe gas in PV experiments.

The used symbols are coded in the upper panel. CBhaulated relative error for PV

experiments is 30%. The black line shows resuttisifMarti and Mauersberger (1993).
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1309 Figure 10: Arrhenius plot of.JH-0) for a-NAT. Full and empty red circles represent results
1310 of PV and TO experiments, respectively. Data aendrom Figure 2b and the equations for

1311 the linear fits may be found in the text.
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1313 Figure 11: van ‘t Hoff plot of B(H.O) for B-NAT data displayed in Figure 4c. Full and
1314 empty red squares represent results of PV and T@rements, respectively. The equations
1315 for the linear fits may be found in the text.
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1317 Figure 12: Arrhenius plot of.{H20) for B-NAT data displayed in Figure 4b. Full and empty
1318 red squares represent results of PV and TO expetaneespectively. The equations for the

1319 linear fits may be found in the text.
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Figure 13: Arrhenius plot of.{HNO3) (A) and van ‘t Hoff plot of B(HNO3) (B) for a-NAT

(Figure 2b and Figure 2c) an@NAT (Figure 4b and Figure 4c) resulting from TO
experiments. Full black circles and empty blackasgs represent the interaction of HNO
with a- andB-NAT films, respectively. The equations for thdifig lines may be found in the

text.
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Figure 14: Arrhenius plot ofe{HCI) (A) and van ‘t Hoff plot of B{HCI) (B) for a-NAT
(Figure 8b and Figure 8c) an@NAT (Figure 9b and Figure 9c) resulting from PV
experiments. Full red circles and black triangkgsresent the interaction of HCI with and

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