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Answers to Question of Referee 1:

Questions asked by referee is in straight fanswers by the authors are given in ITALICS
after the corresponding Questioklodified text is given in small straight font in REIn
order to facilitate the location of text and/or ligs and table additions the reader will find a
“Marked Copy” in “Track mode” where added text, Bigs and Tables may be found suitably
marked.

QuestionsAnsweréViodified or Added Text

2- Page 7, line 185, silicon has a cutoff of 1560"¢n the FTIR so how can the range extend
from 4000-700 cm-1?
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Fig. 1a: Absorption spectrum of Si window (commaligi available material from Nicodom
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Fig. 125 Transmission of silicon, thickness 2.5 mm. Dashed' curve is for a sample
coated to reduce reflection loss. [From Texas Instruments (no date).]

Fig. 1b: Taken from the Handbook of Optics (OptiSatiety of America, McGraw-Hill book
Co. 1978)

Figures 1a and 1b present transmission curves afiBidows that always have a very thin
coating (on the order of 50-100 nm) SitBat protects the bulk of Si from oxidation. Aligh
transmission is reduced in the 1500 to 600 nm rahdge sufficiently transmitting to enable
high-quality absorption spectra to be recorded.olir case the DIGILAB FTS 575 provides
high throughput thanks to its 3” collection optidhe centerburst signal reduces from 9V to
3V after passage across 2a pair of 5mm thick KGl an2.0 mm thick Si window with
external location of the HJCdTe detector cooledaK.

3- Page 8, lines 219-220, the authors discussthieatransition in phases was observed via
FTIR yet no FTIR or MS spectra were shown in thérerb2 pages of the manuscript. It

would be interesting to the readers to show sampéetra and also to mention in a table the
m/z and the wavenumbers where hydrates, flMTI and water were observed.

We agree with the referee regarding the presematibraw FTIR/MS data of the discussed
ternary HNQ/HCI/H,O chemical systems. To this effect we have addecdéw Figures (6
and 7) displaying combined FTIR/MS sample data &l was corresponding Table 3.
However, for the binary system HMB,0 we have presented the corresponding combined
sample FTIR absorption/MS data already in the laeiiaand Rossi (2015) publication (J.
Geophys. Res. 120, 11707-11727, 2015) such thatvesh presentation in the present context
would appear not to be appropriate. We thereforepout this reference when discussing
the thermodynamic and kinetic data of the simphaulyi HNG/H,O system.
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We refrain at this point from showing raw data (REbsorption spectra and MS data as a functioima) thecause representative samples
have been shown by lannarelli and Rossi (2015xfaandB-NAT. We will defer the presentation of raw datatbe interaction of HCI on
a- andB-NAT to Section 3.3 below.

The following text is introduced into chapter 3.3hieh introduces the ternary
HCI/HNO3/H,0 system.

Figure 6 displays raw data from repetitive pulseding of HCI onto am-NAT/ice substrate as a function of elapsed tinfee hdividual
pulses, of which there were twelve and identifigiyesharp peaks on top of the red columns in thetganel displaying the MS signals of
HCI (red, m/e 36), kD (blue, m/e 18) and HNQblack, m/e 46) corresponded to (4-5) X®Iolecule per pulse resulting in a total HCI
dose of approximately 3 x ¥0molecules. This is the dose effectively administeto thea-NAT when the fraction of HCI going to the
vessel walls and escaping the SFR has been swutrattis dose approximately corresponds to 100@entdr monolayers of HCI adsorbed
onto the substrate. The temperature of the crydstdisplayed as the green trace in the lower parel with every T-increase the MS
steady-state levels of HCI .8 and HNQ increase concomitantly. (During the pulsed adroissif HCI the MS levels of HNQand HO are
subject to artifacts owing to rapid switching). fiing to the upper panel of Figure 6 we displayréieseof FTIR transmission spectra from
700 to 4000 cm at specific times during the repetitive pulsingesiment which are indicated in the lower panehiseries of color-coded
“spl” and continuing going from red to purple. Twncipal peak positions have been collected inld@band will be discussed below in
terms of changes in the “purei*NAT/ice absorption spectra owing to the presenfcmareasing adsorbed HCI. The enlarged IR-spectral
range in the upper panel of Figure 6 displays ffeceof the HCI adsorption particularly well byasking a non-monotonic sequence of IR
absorption peaks not present in the “pure” refezesmectra from lannarelli and Rossi (2015). The K8/ data from the lower panel of

Figure 6 have been used to calculate the kinetitleermodynamic data displayed in Figure 8.

Figure 7 displays raw data from repetitive pulseding of HCI onto #-NAT/ice substrate in analogy to Figure 6. The efeindividual
pulses corresponded to (6-7) x*4Molecule per pulse resulting in a total HCI dosamproximately 4 x 13 molecules which amounts to
1300 molecular monolayers or so. Like in Figuréa& upper panel displays a series of color-code® Fabisorption spectra in transmission
with the principal peak positions collected in T@Bl As for Figure 6 the MS steady-state levetbaifferent temperatures will be used to
derive the kinetic and thermodynamic data of Fidues a function of temperature. In addition, F&g86 presents an enlarged graph for the
non-exponential decay of a HCI pulse interactinthwiotha- and3-NAT on a 30 s time scale consisting of a fast arglowly-decaying
portion. The evaluation of such pulsed admission $itfhals has been presented in the past (lannaredliRossi, 2014, Supplemental
Information (SI)) and the present analysis anéhfjitof the HCI MS signals follows the same scheme.

A look at Table 3 should provide an answer as tettdr or not there is an identifiable spectral éipgint of HCl adsorbed om-or -NAT

in the FTIR absorption spectrum of the combinear B-NAT/HCI system displayed in Figures 6 and 7. Tingt fcolumn of Table 3 reveals
the spectral fingerprint of HCI far-NAT/HCI in terms of additional peak#(italics) that are not present in the reference spectrume (o
NAT) recorded using the identical instrument anelspnted in the third column. There seem to be peotsal regions where the presence of
HCI may be apparent, namely in the 1618-1644" cagion 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 banii3®8 cni that overlaps with the
1339 cnt vibration, the latter of which is not changing lwincreasing HCI dose. The series of FTIR absanpgjpectra displayed in Figure
6 shows the non-monotonous change of intensitisittansition (1328 cit): spi (red), sp2 (yellow) and sp3 (green) dispaygrowth of
a shoulder to the red of the 1375 timeak, sp4 (turquoise), sp5 (blue) and sp6 (pusiiey the separate peak in its decline (1328)cm
owing to evaporation of HCI together with NAT. ANAT the analogous situation is displayed in theosel and fourth column of Table 3
and Figure 7. Here the presence of HCI is morereliscwithin the FTIR absorption spectrum BNAT as Table 3 suggests the well-
separated peak to the blue of the 3227 @a peak at 3360 cfrto be a HCI tracer as it looks very similar to H@l/H,O system (lannarelli
and Rossi, 2014; Chiesa and Rossi, 2013). The pdaksfied to appear in the FTIR spectrum upon t@$orption may be found in the
fifth column of Table 3 which displays the prindipR peaks in the reference HCHBI system, except the 1200 ¢mibration found in
column 1 and 2 whose origin remains unclear.

4- Page 13, lines 369-372, the authors discusseditference between Alpha-NAT and HCI;
yet no HCI results were shown in Figure 2.
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The purpose of that statement regarding the diffeeebetween &H20) in the HCI vs. the
HNOs hydrate was to alert the reader to a significarftetience between the two hydrates. We
have inserted the two references that deal withHi@ hydrates (amorphous HCI hydrate
and HCI Hexahydrate).

This result is very different compared to the poely studied case of HCl amorphous and crystalimeahydrate using the same apparatus
(lannarelli and Rossi, 2013), where the evaporatibh,O takes place at a rate characteristic of pureléspite the presence of adsorbed
HCl on the ice and is in agreement with the fingind Delval and Rossi (2005).

5- Page 14, line 421, can the authors comment hewdlative errors were calculated and
why same error in PV (30%) and TO (60%) experimevgee observed on both the NAT and
NAD films?

Although preferred from the point of view of avoglisample saturation, we attribute twice
the uncertainty to the TO compared to the PV teplmni TO involves taking a difference of
two large numbers in the denominator of Equatiois gnd (8), which is the reason to
attribute a larger experimental uncertainty to tihiethod.

The largest uncertainty in our experiment is tHahe flow rate introduced into the reactor, whishassigned a relative error of 25%. The
flow rate measurement affects the calibration @f ¥S and therefore the measurement of all the ecora®ns in the reactor (Eq. 4).
Therefore, we estimate a global relative error@fJor PV experiments and double this uncertaintyTO experiments because Equations
(7) and (8) imply a difference of two large numbersnany cases, as discussed above. We therefsignas global 60% relative error to
results obtained in TO experiments.

6- Page 15, lines 448-453, again the authors tatlulacomparisons to HCI experiments
however no HCI data are present in Figure 4b. Wfigplre the authors want the reader to
check to compare HCI case to figure 4a, pleaseioretite figure since HCI experiments are
introduced in the next Section.

As discussed above for alpha-NAT we are referrmgatprevious study on the BINARY
HCI/H,O phase (lannarelli and Rossi, 2013) whereas chrapt8 below deals with the
TERNARY HCI/HNgH,0 system.

As in the case ofi-NAT, this result is very different compared to tbase of HCI hydrates studied before using the sapparatus
(lannarelli and Rossi, 2013) where the evaporatioH,O is not influenced by the presence of adsorbedd#Ghe ice and takes place at a
rate characteristic of pure ice for all HCI concetibns used.

7- Page 17, lines 484-488, why are the authors mgakssumptions regarding the substrates
can't they get information on changes due to HGIMIFTIR?

In response to your discussion point 3 above we laivoduced Figures 6 and 7 displaying
FTIR absorption spectra in the presence of HCI whpencipal peak positions have been
collected in the new Table 3 (not reproduced heu¢ ibhcluded in the new manuscript
version). Regarding the ternary HCI/HMN®BI,O system treated here we had to make some
verified assumptions in order to keep the expertalgparameter space to an acceptable
level. All three simplifying assumptions have baamified in the current laboratory
experiments.

In order to restrain the number of independent oreasents on this ternary system to a practicall lzechad to make some assumptions

and/or simplifications in order to measure the wwm parameters of Eq. (2) for each gas used. $pedtyf we made the following
reasonable assumptions, bothdeNAT andB-NAT substrates which have been experimentallyfieerin laboratory experiments:
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8- Page 18, lines 534-535, the authors mentiorsEteease in A a,-iA,c’-NAT as a function
of increasing temperature but looking at figureit7oks like there was no change in the
signal within experimental error.

Figure 9a in fact shows a slight decrease of thd Bi€commodation coefficient gBNAT
similar to a-NAT (Figure 8a) where the decrease is a littlegkar over a similar T-range.
However, as the referee suggests it may or mapasignificant fol3-NAT.

...decreases as a function of temperature in theerai@-201 K, varying from 0.025 at 177 K to 0.01@@1 K which may or may not be
significant.

9- Page 19, lines 563-574 are the two distinct tvatpire regimes in Figure 2a due to surface
disorder on ice?

We certainly suggest this to be due to contaminatiduced surface disorder that is
discussed in the next few paragraphs and that leas highlighted in the studies of McNeill
et al. However, at this point this remains a sugigesbecause we do not have structural
proof of this hypothesis because in the presene ¢hs term “multidiagnostic” does not

extend the investigation to structural studies.

10- Page 24, lines 704-709 why only TO experimardee possible for HNO3? This point is
not so clear.

The answer to this question has been given in@e2tR, line 275-279.

11- Page 25, lines 753-758 can the authors commbenttheir results for HCI experiments
were different from those by Haynes (2002)?

We have the suspicion that the difference has tovitlo the fact that Hynes et al. (2002)
performed their experiments at significantly highemperatures which possible enables
reversibility. This is mentioned on pg. 28, lin&4-837.

12- Figures 2-7 although the C2 authors mentiomedslymbols in the text but it was so

confusing to keep going back and forth betweertekeand the figure given the extra length

of this manuscript and the different systems stlidigecommend that the authors explain the
symbols in the caption for every figure.

The captions have been written according to thelglines of ACP. Owing to the complexity
of the Figures we have added explanation of thésjgrinside the Figures.

Answers to Question of Referee 2:

Questions asked by referee is in straight fanswers by the authors are given in ITALICS
after the corresponding Questioklodified text is given in small straight font in REIn
order to facilitate the location of text and/or figs and table additions the reader will find a
“Marked Copy” in “Track mode” where added text, Bigs and Tables may be found suitably
marked.
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General Comments:

However, the organization and motivation needsetariade clearer, both in the introduction
and in the atmospheric implications. Both sectioead like a “data dump” with little
explanation to identify the key discrepancies onitttions in the literature. Why are the
authors conducting this study, 20+ years after softtlee initial studies were conducted?

Referee 2 raises an important point: Why unfole glory of heterogeneous chemistry once
more (or once and for all?) after 20 years of (way)i interest? It may have escaped the
attention of Referee 2 that we report unique kinetata secured by a consistency check
(called thermochemical kinetics by the late S.WisBa). There are NO available data in the

literature on absolute rates of evaporation, nolydior ice, but also for ices contaminated to

various degrees by atmospheric trace gases. Thasadetermine the evaporative lifetimes of
various ice particles thought to be important ie tHT/LS, and we have introduced a synoptic
Table (Table 5 in the Discussion Section) in orttedemonstrate the usefulness and the
atmospheric importance of the kinetic data. Needtessay that we have made the point that
in most cases the evaporative lifetimes enablerdgé@meous processing to occur in a

realistic time frame.

Why have 20 years gone by before coming forth siitth seemingly important and useful
data? The answer to this is multifactorial. It al$ms to do with the multidiagnostic
capabilities of the present instrument that we hlawiét up since 2003 in order to correct for
the shortcomings of other experiments (Hanson amdsRankara — single diagnostics flow
tubes; Tolbert and coworkers — spectroscopy in di&mexperiments, essentially w/o kinetics
capabilities, Aerodyne group Chuck Kolb and Dougr$tiop performing single diagnostic
equilibrium experiments for constructing phase déags, etc.). We have built an instrument
with a decisive improvement in that it provides raque spot of lowest temperature in a
Stirred Flow Reactor w/o extraneous and uncontobl®ld spots that would perturb the
reaction kinetics (through condensation of moleaflénterest on an unidentified cold spot
rather than on an optical support (FTIR, FTRAS, @uaCrystal MicroBalance (QCMB),
optical (HeNe) interferometry, etc.). We believattiie present measurements reveal hitherto
unknown kinetic data at an unprecedented level ethitl that are checked for mutual
consistency by comparing the calculated equilibrivapor pressure with known literature
values.

The Introduction has been curtailed a bit in ordeiconcentrate on the issues at hand. On the
other hand, the paper has to be useful also forrtbe-specialist by providing at least the
rudiments of a suitable atmospheric context. Theréssion of a “data dump” is not wrong,
except that it is sometimes unavoidable. We hawdereaery effort to “lighten up” the text
accordingly. Suffice it to say that we are proudl dicky to be able to present a manifold of
hopefully useful data to the scientific communrlitgre often than not papers seem to contain
less than meets the eye, we think that we areeicdhtrary position of “more than meets the
eye”l

Instead, the intro leads with a nice (but unneggysaview of general PSC chemistry,
something that is now several decades old andubeview of which is not necessary.

See above paragraph in relation to presenting &-aahtained account of atmospheric
context.

The atmospheric implications section goes on aemngncorrectly, at that) on water vapor
measurement instruments that really aren’t rel&tetthe current study results. Both of these

6



aspects distract the reader from the high-qudétypratory study and their results. While this
paper will be eventually publishable, it requiresng significant revisions in its current form.

We are heeding the advice of Referee 2 and havé®@¥t of the material covering the
Cryogenic Mirror Hygrometer. The only thing leftasbrief description of the experiments of
Gao et al. (2016) and the ramifications of the kineesults of the present study.

Detailed (key) Points:

Lines 56-129: a review of PSC chemistry has beennoon knowledge for decades; this
section reads like a review article and is not seaey for the manuscript; indeed, it distracts
from the critical questions that this study isiiyito examine.

In the interest of presenting a self-contained \stare decided to keep this part in the
Introduction.

Lines 130-157: While this is a thorough review led fiterature, it reads to some extent like a
“data dump”. The experiments were done under diffeconditions to some extent. Are there
real discrepancies between these results? Perhtgideaof past literature and your results
would be more clear/helpful. At the very least, at®ould summarize the point of this
section: e.g. there are discrepancies, there mayagrnot, too hard to say given the different
experimental conditions, etc. and whatever it lés is the motivation for our study! As
written, the reader is left to search through afadata with no clear idea on whether there is
true disagreement or not. And then explicitly that aspect of the study will your work
address in this regard.

We have summarized the planned experiments in 15524 69 by emphasizing at the end the
thermochemical as well as the mass balance asgachware the two novel aspects that make
our measurements unique. On the other hand, we hefrained from evaluating the
disparate kinetic results in the literature mengdnbriefly on lines 116-149 that collect all
relevant literature results to date. It is incumben reviews such as JPL and IUPAC rather
than on original research papers to evaluate kinedisults of atmospheric importance.

In addition, all experiments have been performedeurstrict mass balance control by considering hwamy molecules of HNQ HCI and
H,O were present in the gas vs. the condensed pinated{ng the vessel walls) at any given time. Enesperiments have been described
by lannarelli and Rossi (2015). Most importanthye tonsistency of the accommodation and evaporkii@tics has been checked using the
method of thermochemical kinetics (Benson, 1976gdigulating the equilibrium vapor pressure and jgarimg it with values of published
phase diagrams. In addition, the present workaesfitist to present absolute rates of evaporatioallofivolved constituents (D, HNG;,
HCI) thus enabling predictions on evaporative ilifests of ice particles under atmospheric conditions.

Paragraph 158-163: Now suddenly the authors slitein literature review to HNO3 on pure

ice. Only the last two sentences of this paragssg®m relevant to the work, at least for the
introduction. And even then, there should be a siteomal statement such as “The

complications/discrepancies of HNO3 and H20 updat®&lAT surfaces is also evident when
examining HCI uptake on NAT.” or similar.

As you guess the single component uptake kinetieBKCband HNQ on pure ice are also
important when discussing uptake on binary chenmsgatems such as HNE,0 (this work)
or HCI/H,O (lannarelli and Rossi, 2013).

In the investigation of the properties of binaryegtical systems the behavior of the simple singlefmmnent systems is an important
stepping stone.
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Line 192+: The authors mention that the inlet systgas modified but then failed to even
provide a brief sentence or two on the actual niatibn. If it is important to mention at the
start, please briefly summarize the modification.

Done

We therefore minimized the volume of the admissigstem and only retained the absolutely necesetay firessure gauge for measuring
the absolute inlet flow rate (molecul®)s

Line 222-224: Not entirely an apples-to-apples carigpn. The RAIR study was most
sensitive to very thin films (< 10s-100 nm) and theey near surface properties. At thicker
films and higher dose rates, they observed similaults as past studies and even the current
study in the manuscript. The technique in the marpismost likely was not sensitive to the
presence of very thin films that were observedh&RAIR study.

We intended from the outset to avoid thick filméngwo kinetic complications. Very often
thin films occur as islands on the substrate ortloa ice film such that the kinetics are ill-
defined. Therefore, we chose to study the binastesys as thick films using the absorption
cross sections that we have measured on thick.films

Line 236-239: This is one of my main concerns expentally about the study. The excess
ice, even if it stabilizes NAT, will impact the vaippressures of water inside the chamber. Is
one always on the ice-NAT phase line? If not, taiMaxtent does each phase determine the
partial pressure of water observed in the chambhir® has implications for the later results
for the accuracy of H20 partial/vapor pressurestdB@® kinetics. Why not just make a pure
NAT film like to past thin film studies? NAT is agity stable film to make. The excess ice
phase present needs to be discussed in more deth logical, reasoned argument why it
doesn’t complicate the interpretation of the res(dr to what extent it does).

Figure 2 (ntroduced as supplemental Figure S5 into the 8lice) presents a phase diagram
of the binary system HNf,0. According to Gibb’s Phase Rule we have two comapts
and three phases leading to a single degree otlénee The dashed lines are isotherms, and
as long you keep T constant you see that the bguith vapor pressure g, of H,O or HNG;
change within one and 3.5 orders of magnitude, eepely, depending on the composition
(mass) of both solid phases, eithexCHor HNG; rich. The symbols (red far-, black for
NAT) represent experiments characterized by a giadne of Rnos and R0 depending on
the evaporation history of the ice sample. You ase the parameter space for the polar
lower stratosphere and the number of points fallintp the corresponding phase space of
NAT. Riding the coexistence line is only interggfor the construction of the phase diagram
in case it is not known. From Figure 2 you can redidboth HO and HNQ vapor pressures
and conclude that the present experiments are thdelevant for the UT/LS as far as the
vapor pressures are concerned (see your questitmwipe
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Figure 2: Phase diagram for the HN(I,O system in the range of atmospheric interest. The
phase diagram is taken from Chapter 2 “The ProbdRtde of Stratospheric “Ice” Clouds:
Heterogeneous Chemistry of the “Ozone Hole” by Mvblina, “The Chemistry of the
Atmosphere: Its Impact on Global Change”, J. Calv@d.), IUPAC Chemrawn 21 Series,
Blackwell Scientific Publications.

Lines 624-633: Report the entropies of evaporagnwell — do they make sense with
physical principles? If not, why? And elsewherghia manuscript.

Taking expdS’/2.303R)= 162 after conversion from Torr into an atmosphere \viséan
A4S, = 264.6 JK'mol™ or 63.25 cal K mol™. If we make the assumption that ajGHcomes
from NAT we have to divide by three owing to tlut ttsat the decomposition of the trihydrate
liberates three moles of.B. We therefore have a value of 0.333x63.25 ¢ahiol* or 21.1
cal K' mo* which exactly corresponds to Trouton's rule. Homrevthis may just be
fortuitous, also because we have a multicompongstem with several phases, each with its
own thermodynamic parameters as we have to conteitld the T-dependence of the
combined system. The reason we are not discusstrapées of vaporization in this context is
that the temperature range over which the measunésngere taken is too small to obtain a
reliable intercept, or in other words, the extragtidn of 1/T=» 0.0 is too uncertain given the
measurement range. This uncertainty owing to extetpn is much larger than any
potential effects of hydrogen bonding ofCHl HNG; or HCI which is known to affect
Trouton’s rule (towards an increase of Trouton':istant).

Line 660-661: Could a similar explanation be usednivoke discrepancies between your
results and those in the literature (JPL recomnigorus)?

We are not sure about your question. Which disanejgs and which JPL recommendations?

Line 681: Can the absolute value of 12 kJ/molexpagned physically in terms of hydrogen
bonds? Why or why not?

From the point of view of the numerical value 12ndle is approximatelyl/3 to ¥4 of a
“normal” hydrogen bond. However, this single valisedifficult to interpret in the absence of
other supporting values. However, we feel thas itelated to the fact that-NAT is not the



most stable form of NAT. This primarily concerres éinrangement of $O in the lattice which
becomes tighter i-NAT and therefore stabilizes the solid hydrate.

Line 686-7: Warshawsky et al. GRL 1999 also quaetithis process of a sealing NAT layer

slowing ice evaporation, and these were done a rawgar HNO3 partial pressures than in

the Biermann et al. study. Related to this, what tae partial pressures of HNO3 used in
these experiments? Are they relevant to the atnewspht all? They seem like they were

much higher than what is expected in the atmosptased upon the discussion and
comparison to other laboratory studies. PleaseticdeHNO3 partial pressures used in these
experiments.

Please see above in conjunction with the binarysphdiagram displayed in Figure 2 and/or
Figure S5.We would like to affirm that the preseanditions indeed are relevant to the
UT/LS atmosphere as indicated in Figure 2 aboveth®y symbols. Thank you for the
Warshawsky citation that | routinely take from Maggdolbert's review article in Annual
Rev. Phys. Chem.

Re(H20) on botha-NAT and B-NAT is smaller compared to.®H-O) on pure ice. This is in agreement with the tssaf Tolbert and
Middlebrook (1990), Middlebrook et al. (1996), Waasvsky et al. (1999) and Delval and Rossi (2005) whowed that ice coated with a
number of molecular layers of NAT evaporate©Hat a slower rate than pure ice. On the other handresults are in contrast with the
findings of Biermann et al. (1998) who report that significant decrease of the® evaporation rate was observed in HM@ped ice
films. The discrepancy may possibly be caused byhilgh total pressure of 0.85 mbar in their reactompared to all other competitive
studies cited above that use high-vacuum chambighstetal pressures lower by typically a factors®0 or more. It is very likely that the
experiments performed by Biermann et al. (1998)ewet sensitive to changes in evaporation rategsitgethe fact that both the HN@nd
H,O concentrations used as well as the thicknedseoiccumulated NAT layers in their no. 5 experimeaite of the same magnitude as in
the competing studies. A hint to that effect is timexpected time dependence of the ice evaporadienin Biermann et al. (1998) that
shows an induction time of 30 minutes as opposetiecexpected linear decrease from the beginningvaporation (see below). We are
unable to attribute the source of the measurgd ¥hpor in the presence of twe®tcontaining solid phases in our chemical systeamely
pure HO ice and NAT. We restate that the partial pressateconstant temperature are controlled by tHatifre) composition of the
system in agreement with the single degree of freedesulting from Gibb’s Phase Rule and the dagplayed in the binary HNgH,O
phase diagrams displayed in Figures 3, 5 and S5.

Atmospheric implications: There is a data dump whbers here once again, many of which
were already described in detail in the discussiection. What are the key points, circling
back to the motivation in the introduction and péetature experiments? e.g. Does the JPL
kinetic data need to be revised (as suggestectidifitussion in several places)? What are the
implications of these much different values? How ttas study broadened the range of past
studies or explained potential discrepancies omswared questions in the past literature?
What future research is needed? etc.

Many of the questions raised by Referee 2 for tl@oritlusions and Atmospheric
Implications” Section (5) are out of scope for abfigation providing fundamental kinetics
and thermodynamic data. We are unable to tackl¢hallsuggested questions and do not see
it as our task to provide evaluations of rate data behalf of the JPL or IUPAC panels
because this activity is built on consensus. We tappy to provide the best available
answers surrounding the HN®ydrates to date. However, we have added Tablabi$ a
vivid example and illustration of the usefulnesstlaf obtained data in an atmospheric
context, namely absolute rates of evaporation.

A look at Table 5 reveals evaporative lifetimesvafious ice particles with respect tg@Hevaporation. Equation (26) and (27) present the
rudiments of a very simple layer-by-layer molecutesdel used to estimate evaporation lifetins) (at atmospheric conditions (Alcala et
al., 2002; Chiesa and Rossi, 2013):

Bt = (r/a)NwL/Jevm (26)
34"= L"(1-rh/100) @7)

with r, a, rh and M. being the radius of the ice particle, shell thiess relative humidity in % and the number of males cn?
corresponding to one monolayes;"Jand J" are the evaporation fluxes of®l at rh and rh = 0, the latter corresponding tontiaaimum
value of J.which we calculate following Equation (2) or (8he salient feature of this simple evaporation nhéglthe linear rate of change
of the radius or diameter of the particle, a watid widely known fact in aerosol physics in whibk shrinking or growing size (diameter)
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of an aerosol particle is linear with time if thete of evaporation is zero order, that is indepehdea concentration term. Table 5 lists the
evaporation life times which are not defined inrtsrof an e-folding time when dealing with first-erdprocesses. In this example the
lifetime is the time span between the cradle arattdef the particle, this means from a given di@m@t and “death” at 2r = 0. The chosen
atmospheric conditions correspond to 190 K, rh %88 = 2.5 A for HO and 3.35 A for all other systems, r =jiih and estimated values 6
x 10" 3 x 16* and 1 x 18 molec cn? for Ny of HNOs, HCl and HO. It is immediately apparent that there is a larggation of 6.
values for atmospherically relevant conditions whimes into the direction of increasing opportesitior heterogeneous interaction with
atmospheric trace gases, even for pure ice (PSEIkyprable 5 is concerned with the most volatienponent, namely 40. If we now turn
our attention to the least volatile component sastHNQ in B-NAT we obtainf,; = 5.1 d and 33.9 d for 0 and 85% HN&mospheric
saturation, the former being the maximum possibéperation rate for 0% HNCsaturation. The other boundary conditions areK.9folar
upper tropospheric conditions at 11 km altitude5(32mb at 210 K), 1 ppb HNO10 ppm HO corresponding to 85% HNQaturation. This
goes to show that laboratory experiments on gademsed phase exchange of lower volatility companentatmospheric hydrates are
fraught with complications. It follows as a coreojlahat both HCI, but especially HN@ontamination of kD ice is bound to persist for all
practical atmospheric conditions.

Also, the discussion on NAT-coated ice impactirgdimeasurements is speculative,
unsupported, and shows several large gaps of aesgem UTLS water vapor measurements.

First, the authors cite the problems of “reliabted aeproducible measurements” of water
vapor in the field UTLS measurements. However,@edabove, | have serious questions on
how one can reliably interpret the accuracy of th&ter vapor measurements in their
laboratory setup given that two phases exist atlitions well off the ice/NAT equilibrium
line (and higher HNO3 partial pressures than uguetist in the UTLS) — so it isn’t clear to
me how these laboratory results are that repreemtaf the UTLS itself. Second, the
CU/NOAA chilled mirror hygrometer has a long measuent history and is best described
most recently by the Vémel et al. JGR, 2007 and/6mel et al., AMTD, 2016. More
importantly, it compared extremely well in recemtercomparison campaigns to the reference
standard (see Fahey et al. AMT 2014), an instrufiesfinique that probably is (in this
reviewers’' opinion) the most accurate/uncertaintguinented H20 measurement in the
community. Third, HNO3 has not been shown in theA¥Qests to impact the frost layer (ice
vapor pressure) at relevant HNO3 concentrationifiiterry et al., AMT 2011). Fourth,
there are numerous diode laser-based hygrometensaby leading groups in the world; in
fact, | would argue the NOAA TDL is one of the mestent and, though promising and a
quality measurement, has some of the least amduield data to characterize its strengths
and weaknesses. More recent AquaVIT2 UT/LS watporvantercomparisons showed some
improved agreement in general from most of the UTy8rometers, whether diode laser-
based at any wavelength (1.3, 1.4, 2.6 micronsgrimduced fluorescence, chilled mirrors,
or other techniques. Therefore, I'm not sure thi@ns’ results are applicable to explaining
whether or not an instrument may work with the fedi knowledge of the measurement
instruments themselves and better agreement nomg lebserved. This is especially true
since the manuscript's lab results appear to b&IN®3 concentrations/thicknesses well
above what is possible in the UTLS. The Gao et2@ll6 JPC-A dealt with very small
amounts of residual HNO3 within ice and not relatedhick NAT coatings here. For all of
these reasons, | suggest removing these paragoapH2O measurements and expanding on
the kinetics and the implications thereof/discreajes

First we agree with Referee 2 that we are in no sfggcialists in the question ob® vapor
measurements under UT/LS conditions. We there&de dut this section entirely and only
mention the Gao et al. (2016) measurements at ¢ing end as they directly relate to the
present kinetic results inasmuch as the persistefdbee lower volatility components in ice,
namely HNQ@, is concerned. We are a bit surprised at the ekpteaction of Referee 2
concerning the atmospheric relevance of the presteily. We resolutely take exception to his
statements to be “well off the ice/NAT equilibrilime (and higher HN@ partial pressures
than usually exist in the UTLS)". Figure 2 (S5 lmetSI Section) clearly points out that (1) the
UT/LS conditions are in the middle, not the limifsthe NAT existence area within the
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relevant phase diagram, and that (2) the HNfartial pressure are not higher than usually
exist in the UT/LS region. If anything, they arkilower because we have emphasized lower
temperatures. In addition, we assert in contrasR&feree 2 that the NAT layers, typically
300 nm or less thick in the present study, are vegltesentative of “what is possible in the
UTLS"! In the end we consider it wise to continogytiestion measurement concepts for field
applications using fundamental research instrumeartd methods. It is incumbent on us
active in the laboratory to alert field scientistis possible shortcomings and artifacts of
routinely applied methods and techniques usededrfigid.
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Heterogeneous Kinetics of H,O, HNO3; and HClI on HNO;
hydrates (a-NAT, B-NAT, NAD) in the range 175-200 K

R. lannarelli*? and M. J. Rossi!

Y aboratory of Atmospheric Chemistry (LAC), Paul 8oier Institute (PSI), CH-5232 PSI
Villigen, Switzerland?New address: Safety, Prevention and Health Don®imSPS-SCC ,
Station 6 Ecole Polytechnique Fédérale de Lausanne (EPFL)1@I5 Ecublens,
Switzerland.

Correspondence to: M. J. Rossi (michel.rossi@pksi.ch

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 temperataemditiors in the range 175-200 K. Wall
interactions of the title compounds have been takEmaccount using Langmuir adsorption
isotherms in order to close the mass balance batwleposited and desorbed (recovered)
compounds. Thin solid films at im typical thickness have been used as a proxy for
atmospheric ice particles and have been depositedSi window of the cryostat wherethe
optical elementbeingwasthe only cold point in the depositiochambersystemFTIR
absorption spectszopymetry in transmission as well as partial and total press
measurement using residual gas MS and sensitiasyme gauges have been employed in
order to monitor growth and evaporation processea &unction of temperature using both
pulsedand continuougias admission anebatindeusmonitoring under SFR conditions. Thin
solid HO ice films were used as the starting point thraughwith the initialspontaneous
formation ofa-NAT followed by the gradual transformation @f=» B-NAT startingat T >
185 K. NAD wasspontaneouslformedat-enceat somewhat larger partial pressures of HNO
deposited on pure 4@ ice. In contrast to published reports the foromatof a-NAT
proceeded without prior formation of an amorphoG4H,0 layer and always resulted in
B-NAT. For a- and B-NAT the temperature dependent accommodation @i a(H.O)
anda(HNOg), the evaporation fluxe{H2O) and J(HNOs3) and the resulting saturation vapor
pressure B(H,O) and R{HNOs) were measured and compared to binary phase diagrh
HNOs/H,0 in order to afford thermochemicahackenirolof the kinetic parameters. The
13
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resulting kinetic and thermodynamic parametersabf/ation energies for evaporationg(E
and standard heats of evaporatili,’ of H,O and HNQ for a- andB-NAT, respectively,
led to an estimate for the relative standard epthdifference betweea- andB-NAT of -6.0

+ 20 kJ/mol in favor of3-NAT, as expected, despite a significantly largalue of E, for
HNO; in a-NAT. This in turn implies a substantial activatioenergy for HNQ
accommodation im- compared t@-NAT where B {HNO3) is essentially zero. The kinetic
(a(HCI), E(HCI)) and thermodynamic ¢§HCI)) parameters of HCl-doped- and 3-NAT
have been determined under the assumption thatad€irption did not significantly affect
a(H-0) anda(HNOg) as well as the evaporation flux(#.0). L(HCI) and R{HCI) on both

o- and 3-NAT are larger than the corresponding values fotQd across the investigated

temperature range but significantly smaller thaa whlues for pure ¥ iceat 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 deplatiechanism (Solomon et al., 1986).
PSC'’s consist of either particles of crystallingriaiacid trihydrate (NAT) (type la), ternary
H,SOWHNO4/H,O supercooled solutions (type Ib) or purglHice (type Il) (Zondlo et al.
2000) and are formed during the polar winter seagloen temperatures are sufficiently low
in order to allow HO supersaturation that ultimately leads to cloudnfiion in the dry

stratosphere subsequent to ice nucleation (P€87,)1

Ozone is depleted during the Arctic and Antarcpcirsy season after unreactive chlorine
reservoir compounds, CIONGand HCI, are converted into molecular chlorine aagidly
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 heterogaaeeactions (Friedl et al, 1986; Molina et
al., 1985, 1987):

CIONO, (g) + HCI(s) - Cl,(g) + HNO,(s) (R1)
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Reaction (R1) is orders of magnitude faster thandbrresponding homogeneous gas phase
process (Molina et al., 1985) and the most impartaiorine-activating reactiarin the polar

stratosphereThe

similarte-the-onarereported in Reactions (R2)-(R4):

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

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

respectively.

Reaction (R1) increases the concentration of BINOthe condensed phase and when PSC

particles become sufficiently larg@eyandfall out of the stratospherective—nitrogen—is
gh-denitrification-whidsbeen-observed-in-the figHahey et

HNGQ which inhibits

reactions-such-e&Reaction (R5):
Cl0 + NO, + M — CIONO, + M (R5)

and prevents formation ef-which—forreservoir species with longer atmospheric residenc

times.

The study of HN@ interaction with ice in the temperature and presssanges typical of the
UT/LS is crucial in order to understand the detdtation process initiated by reaction (R1)
and its effectiveness in the overall ozone destnctnechanism. 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 cottipasof PSC'’s using botln situ and
remote sensing techniques both in the Arctic as aglabove Antarctica. A ballodrorne
experiment at first detected non-crystalline HN®drates (Schreiner et al., 1999), later both
balloon_borne (Voigt et al., 2000; Schreiner et al., 2088) aircraft campaigns (Voigt et al.,
2005) obtained unambiguous proof of the presencerystalline HNQ hydrates (NAT) at
altitudes between 18 and 24 km in the Arctic. Thiespnce off3-NAT, through the
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identification of type la PSC's, has been unambiglyp confirmed by Hépfner et al. (2006)
using the MIPAS instrument on a satellite platfdiyncomparison of measured limb-emission
spectra of polar stratospheric clouds with measwgital constants in the region of the

symmetric NQ peak av, = 820 cn'.

The existence of several crystalline hydrates tricnacid has been confirmed for several
years. Hanson and Mauersberger (1988) have idmhtifvo stable hydrates, namely, nitric
acid monohydrate (NAM, HN@H,0) and nitric acid trihydrate (NAT, HNg®3H,0) the
latter of which is thought to be-bymeasuring—thegpaur—pressure—of-mixtures—of-ice—and
HNO;—TFhe-observed-vapourpressures—e NBd-HO-in-the polar-atmosphere—indicate
that-enhNAT-may-beof atmospheric importance. Several distinct crjis&alhydrates of
HNO; have been found by Ritzhaupt and Devlin (1991their work examining the infrared

absorption spectrum of thin film samples. By defiogithe equilibrium vapours of aqueous
HNO; solutions of different concentrations at 293 Kythebserved nitric acid dihydrate

(NAD, HNO3*2H,0), NAM and NAT. Ji and Petit have performedeatiensive-in-depth-and

ground-breakindgnvestigation on the thermochemical properties ADNJi and Petit, 1993).

Tolbert and coworkers have also reported infradesogption spectra of NAM, NAD and
NAT in a series of studies. Tolbert and Middlebrdd®90) have co-condensed calibrated
mixtures of HO/HNO; vapours onto aryostat-celd-suppeorand assigned the absorption
spectra of the growing thin films to nitric aciddmtes (NAM, NAD or NAT) according to
the ratio of the dosing gases. Koehler et al. (J9%#%e observed the Fourier transform
infrared (FTIR) absorption spectra in transmissafnnitric acid hydrate thin films and
measured their composition using temperature-progved desorption (TPD). They
confirmed the previously assigned spectra of NAQ &AM. They were also the first to
observe two distinct structures of NAT: a low-temgiare and metastable structufesy

called a-NAT whose structure has recently been elucidated (Welisal., 2016)and a

thermodynamically stable high-temperature structoeened 3-NAT. Middlebrook et al.
(1992) observed that NAD consistently converts3tblAT when exposed to # partial
pressures typical of the stratosphere and thergiomposed that NAD is also metastable
under stratospheric conditions.

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

16



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

565
566
567
568
569

570 Compared to the molecular properties of the niged hydrates knowledge of the kinetic
571 parameters of trace gases interacting with HR@irates is scarce. Middlebrook et al. (1992)
572 have used time-dependent FTIR monitoring of thdécaptdensity of growing NAT films
573 during deposition to measure the uptake gbtand HNQ on NAT. They reported a value of
574 | ynar(HNOs) > 0.4 for HNQ net uptakey) on NAT at T = 197 K whereaserange2.0x10°
575 | <ynar(H20) < 1.0x10% is reported for bHO-respectively The range measured fggar(H20)
576 corresponds to the HN®ressure used during the deposition. Using evéiparaxperiments
577 in a slow-flow reactor Biermann et al. (1998) meaduthe accommodation coefficient of
578 Hz0 onB-NAT substratesqg_yar(H20), from the thickness of the substrate measured) us
579 FTIR absorption. They found no temperature depecelereporting lower limiting values of
580 | ag_nar(H20) = (2.2 - 6.0)x18 in thetemperatureange 192-202 K.

581 Delval and Rossi (2005) have used a multidiagndktig reactor, similar to the one used in
582 this work, coupled with a quartz crystal microbaar{QCMB) for the measurement of the
583 evaporation rate of # from a-NAT and B-NAT thin films. They reported a positive
584 temperature dependence of,_nar(H20) and a negative temperature dependence of
585 | ag_nar(H20) in thetemperatureange 179-208 K.

586 Hanson (1992) also measured the uptake coeffioERINO; on NAT using a cold coated-
587 wall flow tube with HNQ deposited on ice condensed on the cold flow tub#swand
588 reportedynat(HNO3) > 0.3. A rapid uptake was observed which deckbasethe surface
589 coverage or dose of HNGOncreased. Furthermore, the observed steady jstatial pressure
590 of HNO; over the ice substrate is about a factor of 5 dnighan the HN@vapor pressure
591 over NAT and thus indicates that no hydrate wasadlgt formed during the experiments.
592 Therefore, the observed uptake has most likely doatiributed to uptake on other cold

593 surfaces in the flow reactor.
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594 Reinhardt et al. (2003) reportgdar(HNOs3) = 0.165 in the temperature range 160 to 170 K.
595 They used a slow flow reaction cell coupled with IBRS (Diffuse Reflectance Infrared
596 Fourier Transform Spectroscopy) for the detectibadsorbed species and downstream FTIR
597 for the detection of gas phase HNO

598 | In the investigation of the properties of binaryentical systems the behavior of the simple

599 | single-component systems is an important stepptogesHynes et al. (2002) observed

600 continuous uptake of HN{®n water-ice films below 215 K and time dependeibke above
601 215 K, with the maximum uptakg(HNOs3) decreasing from 0.03 at 215 K down to 0.006 at
602 235 K. They also observed that the uptake of HQ1# K on ice surfaces previously dosed
603 with HNOs is reversible. Furthermore, the adsorption of HN@h ice surfaces which
604 contained previously adsorbed HCI indicates that i$Cdisplaced from surface sites by
605 HNOs.

606 In this work, the results for the kinetics of,® and HNQ@ gas interacting with

607 | spectroscopically characterizedsoldNOs; hydrates will be presented. The independent

608 measurement of the rate of evaporatiop, Rnolec §' c¢cm® and the accommodation
609 coefficient a of H,O and HNQ@ on a- and B-NAT substrates is performed using a
610 | combination of steady state and re@ahe pulsed valve experiments. Results on the kiset

611 | of the ternary systeHCI on HNG; hydrates will also be presented. All experimespfsorted

612 | in this work have been performed using a multidesgic stirred flow reactor (SFRh the

613 | molecular flow regimgwhich has been described in detail before (ChéshRossi, 2013;

614 lannarelli and Rossi, 2014). In addition, all expemts have been performed under strict
615 | mass balance contrbly considering—with-a—knewledge-drow many molecules of HNO
616 HCI and BO were present in the gas vs. the condensed pimedad(ng the vessel walls) at
617 | any given time. These experiments have been deschip lannarelli and Rossi (2015)lost

618 | importantly, the consistency of the accommodatioth @vaporation kinetics has been checked

619 | using the method of thermochemical kinetics (Bend®Y6) by calculating the equilibrium

620 | vapor pressure and comparing it with values of ishked phase diagrams. In addition, the

621 | present work is the first to present absolute rafesvaporation of all involved constituents

622 | (H,O, HNQ;, HCI) thus enabling predictions on evaporativetithes of ice particles under- { Formatiert: Tiefgestellt

623 | atmospheric conditions. {Formatiert: Tiefgestellt

624
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2 Experimental Apparatus and Methodology

2.1 Experimental Apparatus and Growth Protocols

Figure 1 shows aiagramsehematiof the reactor used in this work with the experitaé

diagnostic tools and Table 1 reports its charastierparameters. Briefly, it consists of a low-

pressure stainless steel reactor, which may be wisedr static (all valves closed) or stirred

flow (gate valve closed, leak valves open) cond&ioWe use absolute total pressure

measurement and calibrated residual gas mass empetty (MS) to monitor the gas phase

and FTIR spectroscopy in transmission for the caedd phase. Thin solid films of up to 2

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

recorded at 4 cthresolution in the spectral range 700-4000'@ntypical 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 baldraspreviously been reported for this setup

(Delval et al., 2003; Chiesa and Rossi, 2013; lagltiand Rossi, 2014015.

The introduction of HN@ in the system forced us to slightly modify theeinkystem used

previously (lannarelli and Rossi, 2014) in ordetdke into account the fact that HA@ an

extremely “sticky” molecule that interacts with timéernal surfaces of the reservoir vessel of

the inlet system as well as with the reactor waflthe SFR (lannarelli and Rossi, 201%)e

therefore minimized the volume of the admissionteaysand only retained the absolutely

necessary total pressure gauge for measuring tuuab inlet flow rate (moleculés

- { Formatiert: Hochgestellt

Similarly to the case of HCI and.B (lannarelli and Rossi, 2014) we have described th

HNOs interaction with the reactor walls using a Langmaidsorption isotherm and

determined the concentration of HN the ice sample after calibration of Hil@llowing

the methodology described in lannarelli and Ra&81§). Table 2 reports the values of the fit

parameters of the Langmuir adsorption isotherms dibrthe gases interacting with the

stainless steel (SS304) internal surfaces of tHe. 8ary combinations of HNgH

-0 and

HCI/H,O have been used to describe the interaction ofdiic probe gas with the vessel

walls in the presence of,B vapor.
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The protocol for the growth af-NAT, B-NAT and NAD thin films has also been described
in lannarelli and Rossi (2015). Briefly, the pratbéor either hydrate always starts with the
growth of pure ice: the chamber is backfilled un8&R conditions with water vapor at flow
rates between 5x10and 18° molec &, corresponding to a partial pressure @OHp(H0)
between 4.7 and 9.4xf0rorr (both apertures open), with the Si substhate at temperature
in the range 167 to 175 K. The pure ice film gromwsboth sides of the Si substrate to a
thickness of typically Jum untilanrdthe HO flow is halted (lannarelli and Rossi, 2014). The
temperature of the support is then set to the vasesl 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 il fre 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 alesdre formation of a new phase after
approximately 5 min of exposure as shown in thengheaof the FTIR absorption spectrum.
The present experimental conditions seem to shatvib nucleation barrier is present éor
NAT and NAD growth, in agreement with previous weklanson, 1992; Middlebrook et al.,
1992; Biermann et al., 1998). In contrast, Zondl@le (2000) have shown that crystalline
growth occurs via an intermediate stage of supéedob,O/HNO; 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 aratNAT 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 andtdmaperature increased to 195 K. During the
temperature increase theNAT film converts to-NAT as shown by means of FTIR
spectroscopy (Koehler et al., 1992; lannarelli &absi, 2015), and once the conversion is
completed the temperature is set to the desirageval start the kinetic experiments uspig
NAT as substrate. Typical growth protocols underssnhalance control showing both the
FTIR transmission as well as the corresponding Nifpads of HNQ as a function of

deposition time have been published previouslyr@aelli and Rossi, 2015).
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In all samples used for this work, we never haymee HNGQ hydrate because we always

operate under conditions of excesscomparable amountf pureice. Excess ice has been
shown to have a stabilizing effect on botiNAT and B-NAT (Weiss et al., 2016) and in all
our experiments the presence of excess ice has beefirmed byfrom FTIR spectra

(lannarelli and Rossi, 2015).

2.2 Experimental Methodology

The experimental methodology used in this worknigatension of the methodology reported
in lannarelli and Rossi (2014) where the combimatid real-time pulsed valve and steady
state experiments allowed the independent measuteshéhe rate of evaporationmolec

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

For each gas X (X = #0, HNG;, HCI) admitted into the reactor in the presencécef the

following flow balance equation holds at steadyesta
Fin (X) + Fdes(x) + Fev(x) = FSS(X) + Fads,mxx) + Fads,icéx) (1)

All terms in_Equation (1)are flow rates in molecswith the terms from left to right

rate—efmolecules desorbing from the reactor wallged, Fo—the—flowrate—efmolecules
evaporating from the ice surfa¢g.,), Fssthe-flow-rate-efmolecules effusing through the
leak valve into the MS chambéFsg, Fauswtheflowrate-efmolecules adsorbing onto the
reactor wallgF.qs ) andF.qsicsthe-flowrate-emolecules adsorbing onto the ice filfugs.icd-

Under the assumption that the adsorption onto #ilkswnay be described as a Langmuir-type
adsorption, Eqg. (1) may be expressed as follows gas X:
V'Rin(x) + Nror - kdes,w(X) 0+ V- Rev(X) =

w(X) T ilm(X) - €
(1 - 0) [Xlss + Stim - =S [X] g )

= V " Rss(x) + SW 2 2

where V is the reactor volume in &mRn(X) the rate of molecules X admittedtinthe
chamber in moleg™@m?®, Nror the total number of molecules X adsorbedodhe reactor
walls, kiesu{X) the desorption rate constant from the reactatlsnin 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?, RsgX) the rate of effusion through the leak valveninleds'@m?,
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Sy and S$im the surfaces of the reactor walls and the thin fit cnf, oy (X) and dgim(X) the
accommodation coefficients of X on the walls andtonthin film, [X]ssthe concentration at
steady state in molec ¢mand ¢ the mean thermal velocity of a molecule inSém
respectively. The mathematical derivation of Eq). f2zay be found in Supplement B of

lannarelli and Rossi (2014).

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

Figure S1 of Supplement A whereas the parametethddest 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 cilmosamperature. After steady state conditions
are established, a series ofHpulses are admitted into the reactor. The expaiatecay of
the MS signal at m/z 18&{) is given by the sum of the measutqg, the adsorption rate
constant on the wallky() and the adsorption rate constdqj onto the ice, namely = Kesc+

kw + ke, in the aftermath of a pulse. The accommodatia@ifimient asm (H20) maybethenbe

calculated according to Eq. (3):

ke(H20)
im(H20) = 2 = ®3)

wherew(H0) is the calculated gas-surface collision freqydncs® and is reported in Table
1.

The steady state MS signal established before ulse [series represents the calibrated flow
rate of molecules effusing through the leak vakg{H,0), in Eq. (1) andt may be used to
calculate the concentration at steady stated&¢cording to Eq. (4):

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

where ks(X) is the effusion rate constant of gas X out ki reactor in$ (see Table 1).

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

Subsequently, the film is set to a higher tempeeateqH,0) is recorded and a series ofH
pulses applied to the same ice sample. This expeatahprotocol has been repeated for each

measured point in the temperature interval of ager
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Under the present experimental conditions, PV arpmrts of HNQ leading to transient
supersaturation of HNfare hampered by excessive pulse broadening, maoisalply owing
to the strong adsorption of HN®@n ice and the stainless steel vessel walls tlakiem the
observation and interpretation of a HNfulse difficult for low doses in the presence a.i

In this case the advantage of the PV techniquerealdime 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 noetliirst described by Pratte et al. (2006).
It has been modified to take into account the adton of HNQ with the internal walls of
the SFR. The two-orifice method has also been tseatkasure the kinetics ob@& on HNQ
hydrates in order to compare these results withighelts of PV experiments for.@8.

The two-orifice (TO) method allows the separatidrit@ rate of evaporation.®X) and the
condensation rate constan)k) of a gas X by choosing two different escapdices and
measuring the corresponding value of concentrd¥ps 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 gasiXhare reported in Egs. (5) and (6) taking

into account the interaction with the reactor walls

Nt

Rev(X) + VOT ' kdes,w(X) -0

(®)

(ke(X) + k(X)) - [X]§s + =52 (1 - 0) - [X]5s

(ke(X) + KM.(X)) - [XI8 + 22 (1 - 9) - [X]%

N
Rev(X) + % ' kdes,w(X) -0 v

(6)

where the superscriptindexesindicate small orifice only (S) or both orificeM) open,
respectively.

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

KB (X)-[X185 —KSsc (X)-[X18
ke(X) = (s —rese® RS — iy (X) - (1 - 6) (7)
[XIgs—[XIss
KM (X)) -3 X)) XIS [XINE N
Rev(X) — ( ( ) S E ))]\[4 ]SS [ ]SS _ NTOT | kdes,w(x) . e (8)
[X]3s=[Xlss \4

This method leads to larger uncertainties for BRtjiX) and k(X) compared to the combined
PV and steady state method used before. The rdasoim the fact that two similarly large
numbers, namelyX]3s and[X]55, are subtracted in the denominators of equatiars E)

and (8) leading to_amall and thereforeancertain value of kX) and R\(X). In other words,
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the noise in the signal from the MS is such thatttto data sets for the small orifice and both
orifices open are sometimes insufficiently lineailydependent of each other within

experimental uncertainty.

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

Once the kinetics §X) and k(X) have been measured using the combination ofaRY
steady state experiments o3| HCI) or the two-orifice method (HNQ H,O), we may

calculate the equilibrium vapopressure B(X) for each gas according to Eq. (9):

_ Rev(X) RT
Pea® = %0 "No 9

where R is the molar gas constant irfdrorr K* mol?, T the temperature of the thin film in

K and Ny Avogadro’s constant in molec niol

3 Results

3.1 Crystalline a-NAT Thin Films

The kinetic results for the heterogeneous intesaatf H,O and HNQ with a-NAT and NAD
thin films obtained in PV and TO experiments areptliyed in Figure 2. Full symbols
represent PV experiments: full red circles correspto experiments on-NAT substrates,
and full green squares to experiments on NAD satetr Empty symbols represent TO
experiments with red circles representingOHand black triangles HNOresults. Pure ice
experiments are displayed as inverse blue triarfgiesomparison 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 showing raw data iRTabsorption spectra and

MS data as a function of time) because represgataiimples have been shown by lannarelli

and Rossi (2015) fon- and 3-NAT. We will defer the presentation of raw data the - { Formatiert

. Schriftart: Symbol

o [ Formatiert

. Schriftart: Symbol

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

—_———— e o

S { Formatiert

. Schriftart: Symbol

Figure 2a shows the measured accommodation c@eftset,_nar(X), (X = H2O, HNG;), as ~ ( Formatert

. Schriftart: Symbol

U L

a function of temperaturex,_yat(H20) in PV experiments (full red circles) decreasesa

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 thame(H>O) on pure ice at the same temperature.

The scatter in the data is not an artifact anduis t the sample-to-sample variability of the
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crystalline samples we use and the randomnesseotnystalline nucleation process. The
variability may be in surface composition, morptgyland smoothness as shown in previous
studies (McNeill et al., 2007; lannarelli and Ro2§i14).

a,—nat(H20) in TO experiments (empty red circles) yielddatiént results. For temperatures
lower than 185 K it is equal te,_nar(H20) on a-NAT in PV experiments within
experimental error. For temperatures higher tha&K.&,_nat(H20) increases as a function
of temperature in contrast to results of PV experits (full red circles) varying from 8x20
at 183 K to 0.08 at 193.5 K, being equabtg(H20) on pure ice within experimental error at
the highest temperature. This result compares &ypmwith the results of Delval and Rossi
(2005) which showed a positive temperature depes@efa,_ysr(H20) in the temperature
range 182-207 Kayap(H20) in PV experimentsgfeenfull greensquares) is equal within

experimental error ta,_yat(H20).

a,—nat(HNOg) (black empty triangles) increases as a functidemperature 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 ewsion 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&ta Evaluation (Crowley et al.,
2010).

Figure 2b shows results for the rate of evaporagfiX) in molec §' cm® as a function of
temperature. The same symbols as for panel (a)used. R(H2O) on a-NAT in PV
experiments is lower by a factor of 2 compared ¢gHRO) on pure ice at temperatures lower
than 175 K. For temperatures higher than 175 &(HRO) ona-NAT is lower on average by
up to a factor of 50 compared t@f&1,0) on pure ice. This result is very different comgoh

to the previously studiedase of HClmorphous and crystalline hexahydrate using theesam

apparatus (lannarelli and Rossi, 208here the evaporation of,B takes place at a rate

characteristic of pure ice despite the presen@alsdérbed HCI on the ice and is in agreement
with the findings of Delval and Rossi (2005).

Re(H20) on a-NAT measured using the TO method is equal withipegimental error to
Re(H20) obtained in PV experiments..f8,0) on NAD is equal to within experimental
error to Ry(H20) ona-NAT. The full black line shows the rate of evagara of pure water
for the system in use, calculated from literatugsuits of the equilibrium vapor pressure
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(Marti and Mauersberger, 1993) using= 1, whereas the dashed black line represents
extrapolated values of RH-O) for temperatures lower than 173 K using the eggion
provided by Mauersberger and coworkers (Marti aral&tsberger, 1993; Mauersberger and
Krankowsky, 2003).

Figure 2c shows the results fogX) in Torr calculated according to Eg. (9) for bd#,0
and HNQ as a function of temperature. The same symbois panels (a) and (b) are used.
Pe(H20) of a-NAT calculated from the kinetic parameters meadurePV experiments is
lower by a factor of approximately 3 compared §gH»O) on pure ice at temperatures higher
than 180 K. For temperatures lower than 180{H20) of a-NAT is close to B{H2O) of
pure ice because the present samples are wate(Molina, 1994) with a HN@ mole

fraction of less than 10%.

Pe(H20) of a-NAT calculated from the results of TO experimeistéower by up to a factor
of 10 compared to H{H-O) of pure ice in the temperature range 180-193.5AK
temperatures lower than 180 KgM20) of a-NAT from TO experiments is equal within
experimental error todgH2-0) of a-NAT in PV experiments. HNOs) of a-NAT is lower
by a factor of 1000 in the temperature range 188K 8ompared to &H20) on pure ice.

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

1 _ 2

m= AHsubl AHsubl (10)
(n,—n;) R

where AH},, andAHZ,, are the enthalpies of sublimation efabid hydrates in kJ/molgn

and n the number of water molecules of the respectivdrdtg and R is the gas constant in J
mol* K. The slope of the ice/NAT coexistence line is ohited from Wooldridge et al.
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(1995) as enat = (50.9 kd/mol)/R andor the-slope-of thd&NAT/NAM ceexistence-line-is
eaJeH4a{ed—&mNAT/NAM = (559 kJ/moI)/R

All a-NAT experiments lie in the existence area of aittid trihydrate, as expected. On the
other handp-NAT under polar stratospheric conditions (shadsttangular area) is unstable
and starts to convert into the stapNAT phase (Koehler et al., 1992). The small nuntddfer

o-NAT samples we reported in the shaded gray argatlger confirmation of results reported

in the literaturebecause lower temperatures are needed to slow teveonversion Qfi to - - { Formatiert: Schriftart: Symbol

composition close to the :HNO; = 2:1 stoichiometry (lannarelli and Rossi, 2015).
Nevertheless, the pure ice phase is still dominanthe presenteusamples and albur
samples are water-rich (Molina, 1994) with a HN®ole fraction,—even-in-NAD-films,of
less than 10%even in NAD films

3.2 Crystalline B-NAT Thin Films

The results fof-NAT thin films obtained in PV and TO experimente displayed in Figure

4. Full and empty red squares represent PV and Ap@renents, respectively, with red
squares representing.® and black triangles HNQresults. Pure ice experiments are
displayed as inverse blue triangles for compariSdre—calculatedrelative—errorfor-PV

0% wherea O O-expertimen Nate-a-relative-error-of 60%.

The largest uncertainty in our experingist that of the flow rate introducedtinthe reactor,
which is assigned-cerrespendsdaelative error of 25%. The flow rate measurensdfects

the calibration of the MS and therefore the measerdg of all the concentrations in the

double this uncertainty for TO experiments becaisgiations (7) and (8) imply a difference

of two large numbers in many cases, as discussedeabVe therefore assign a global 60%

relative error to results obtained in TO experimsent

Figure 4a shows the measureg_yar(X) as a function of temperatureag_yar(H20)
resulting frominPV experiments (full red squareisshowsscatteed similar to the-case—of
opn(HCI) on crystalline HCI hexahydrate (lannarellidaRossi, 2014)-Also-in-this-case; a
variation—of _up to a factor of 10 for results at the same teatpegis-ebservedWe may
interpret this resulbkin to-like-inthe HCI hexahydrate case where the scatter maptsed

by the variability of the surface composition, tmerphology or the smoothness of the ice
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surface (McNeill et al., 2007). Similar results baecently been presented by Moussa et al.
(2013) regarding the nitric acid-induced surfacgdier on ice. In any case, all results show
thatag_nat(H20) is at least a factor of 10 lower thag(H,O) 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 rang& 1198 K varying from 0.013 at 182 K to
approximately 0.1 at 198 K, being equal at the ésgliemperature tai.s(H,O) on pure ice
within experimental error. This result is in costréo Delval and Rossi (2005) who report a
negative temperature dependencexpiyr(H20) in the temperature range 182-207 K. A
possible reasaTfor the different behavior of PV and TO experingentay be intrinsic in the
nature of PV experiments: the ice surface is exppd¢sea series of pulses ot@® and the free
sites may be saturated before the introductionasheconsecutive pulse. We suspect this
tomay be the reason for the discrepancy between PV a@bdeXperiments and we will
consider the results of TO experiments as the pexfevalues of this work despite the larger
experimental scatter.

Like ag_nat(H20), the values ofag_nar(HNOs) (black empty triangles) increase as a
function of temperature in the measured temperatamge from a value of approximately
0.015 at 182 K to a value of 0.08 at 195.5 K. Hosvethe values have a large estimated
uncertainty. These values are lower by a facto? &6 10 compared to the preferred values
indicated by the IUPAC Subcommittee on Gas KinBtéta Evaluation (Crowley et al., 2010)
in the temperature range 190 to 200 K.

Figure 4b shows results for/&) in molec & cm?® as a function of temperature. The same
symbols as in panel (a) are used(IR0) onB-NAT in PV experiments is lower by a factor
of 50 compared to &H.0) on pure ice in the temperature range 182-208kKin the case of

o-NAT, this result is very different compared to ttese of HChydrates studied before using

the same apparatus (lannarelli and Rossi, 20@3re the evaporation of ;8 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 (dHRO) obtained in PV
experiments, the former being approximately a facto2 higher. R{HNO3) on [3-NAT

increases in the temperature range 182-195.5 K aviskeeper slope compared tg(R20),
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the former being smaller by approximately a faaibrl000 atl82 Klew and 50 atl96 K
highertemperatureompared to R(H,0) of B-NAT. It varies from 2x1bat 182 K to 8.5x10
molec & cm® at 195.5 K.

Figure 4c shows the results fog4X) in Torr calculated according to Eq. (9) for bd#,0
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 comparedP:(H-O) of pure ice in the
temperature range 182-195.5 K(P2O) of B-NAT calculated from the kinetic parameters
measured in PV agrees with TO experiments withipeermental uncertainty. Saturation
effects in PV experiments will affect both the ameoodation ¢) and evaporation &)
process to the same extent such thatsRould be invariant to the chosen experimental

procedure (PV or TO)However, there is a noticeable scatter igHRO) for B-NAT on

display in Figure 4c which presumably reflects thaege of different compositions of the

binary HNQ/H,O system. According to Gibb’s Phase Rule we haveetphases and two/ {Formanert: Tiefgestellt

components which leads to a single degree of fmreedor the system. At constant {FOrma“e“: Tiefgestellt

temperature different HNgH,O mixing ratios will lead to different values g O) if we _ {Formanert: Tiefgestellt

\ ‘[Formatlert: Tiefgestellt

Formatiert: Tiefgestellt

in Figure 5. It shows that we expegi{P,0O) values between a factor of ten or so jqrf the\{Formanert: Tiefgestellt

experimental points that “fill” the NAT phase diagn more or less homogeneously W|thm {Formanert; Schriftart: Symbol

the used T range {Formaﬂert: Tiefgestellt

{Formatlert: Tiefgestellt

o U ) UL

aftermath-of-each-pulse. In addition,

Figure 5 showshe HNG/H,O phase diagram with-the results-obtainedBNAT films:-all
B-NAT-experiments-lie-in-the-existence-area-of eitid-trihydrate-and thalhe majority of

points are in the rectangular shaded area repiagepblar stratospheric conditionsis
already—mentioned3-NAT is the stable phase under these conditionsamdresults agree
well with the literature (McElroy et al., 1986; Hahet al., 1988; Molina, 1994; Koehler et

al.,, 1992).A more complete manner to display the binary phdisgram is presented in

Figure S5 (Supplementary Information). It showshizbe HNQ and O partial pressures in - /{Formatlert Tiefgestelit )
‘[Formatlert Tiefgestellt }

one single plot close to selected isotherms mabkesitraight intersecting dashed lines. It is
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immediately apparent that both HN@nd HO partial pressures are comparable to uppex{ Formatiert: Tiefgestellt

o ‘[ Formatiert: Tiefgestellt

tropospheric/lower stratospheric values.

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

As already mentioned, we used a combination ofties PV and steady state experiments

using HCI as probing gas in order to measure thetkis of HCI interacting witko-NAT and

B-NAT ice films. Figure 6 displays raw data from repetitive pulsedidg of HCI onto am- - /{Formatiert: Schriftart: Symbol

NAT/ice substrate as a function of elapsed timee irdividual pulses, of which there were

twelve and identifiable by sharp peaks on top efréd columns in the lower panel displaying

- { Formatiert: Tiefgestellt

o ‘[ Formatiert: Tiefgestellt

"~ | Formatiert: Hochgestellt

3 x 1¢” molecules. This is the dose effectively administeto theu-NAT when the fraction 25 Cicr Hochgestelt

~

of HCI going to the vessel walls and escaping tiR Shas been subtracted. This dOSe\‘[Formatiert: Schriftart: Symbol

A

approximately corresponds to 1000 molecular momskgf HCl adsorbed onto the substrate.

The temperature of the cryostat is displayed agytben trace in the lower panel, and with

every T-increase the MS steady-state levels of HED and HNQ increase concomitantly. - /{Formatiert: Tiefgestellt

(During the pulsed admission of HCI the MS level$idlOs; and HO are subject to artifact [ Formatiert: Tiefgestell

Formatiert: Tiefgestellt

‘[Formatiert: Tiefgestellt

transmission spectra from 700 to 4000[{051} _specific_times_during the repetitive pyjsjng,{pormatien; Hochgestellt

o JC U

experiment which are indicated in the lower panglabseries of color-coded “spl” and

continuing going from red to purple. The princigsak positions have been collected in

Table 3 and will be discussed below in terms ofhges in the “purefi-NAT/ice absorption_ - - { Formatiert: Schriftart: Symbol

spectra owing to the presence of increasing adddrgs. The enlarged IR-spectral range in

the upper panel of Figure 6 displays the effecthef HCI adsorption particularly well by

showing a non-monotonic sequence of IR absorpté@ake not present in the “pure” reference

spectra from lannarelli and Rossi (2015). The rafv d&ata from the lower panel of Figure 6

have been used to calculate the kinetic and theynaodic data displayed in Figure 8.

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

analogy to Figure 6. The eleven individual pulsesesponded to (6-7) x ¥omolecule per

pulse resulting in a total HCI dose of approximatélx 13’ molecules which amounts to

1300 molecular monolayers or so. Like in Figurd& wipper panel displays a series of color-

coded FTIR absorption spectra in transmission wighprincipal peak positions collected in

Table 3. As for Figure 6 the MS steady-state leaglthe different temperatures will be used
30
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to derive the kinetic and thermodynamic data ofuFég9 as a function of temperature. In

addition, Figure S6 presents an enlarged grapkh®non-exponential decay of a HCI pulse

interacting with botho- and3-NAT on a 30 s time scale consisting of a fast anglowly- - - { Formatiert: Schriftart: Symbol
decaying portion. The evaluation of such pulsediasion MS signals has been presented in { Formatiert: Schriftart: Symbol
the past (lannarelli and Rossi, 2014, Supplemédnfatmation (SI)) and the present analysis
and fitting of the HCI MS signals follows the sassheme.
A look at Table 3 should provide an answer as tetidr or not there is an identifiable
spectral fingerprint of HCI adsorbed oror B-NAT in the FTIR absorption spectrum of ;Qe/{Formatiert: Schriftart: Symbol
. . - o iert: Schriftart: Symbol
combineda- or B-NAT/HCI system displayed in Figures 6 and 7. Tingt tolumn of Table 3 {Format'en chritart: Symbo
”””””””””””””””””””””””””””” T NG ‘[ Formatiert: Schriftart: Symbol
reveals the spectral fingerprint of HCl fwfNAT/HCI in t,e!m,s,Qf,@qquQG@',Qeﬂkﬂl(it?liQSL\ \‘[Formatiert: Schriftart: Symbol
that are not present in the reference spectrume (@tNAT) recorded using the 7igg[1tjgal\\\{ Formatiert: Schriftart: Symbol
{Formatiert: Schriftart: Kursiv

instrument and presented in the third column. Tlsesin to be two spectral regions where the

{ Formatiert: Schriftart:
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presence of HCI may be apparent, namely in the 1648 cn* region corresponding to the - { Formatiert: Hochgestell

O U L

1991; Martin-Llorente et al., 2006), and more inipotly, the band at 1328 ¢hihat overlaps_ - - - Formatiert: Hochgestellt

with the 1339 cil vibration, the latter of which is not changing wincreasing HCI dose;//{Formatiert: Hochgestellt

change of intensity at this transition (1328 9mspl (red), sp2 (yellow) and sp3 (qree/rl)/‘[Formatiert: Hochgestellt

display the growth of a shoulder to the red of 18&5 cni peak, sp4 (turquoise), sp5 (blue) - { Formatiert: Hochgestellt

and sp6 (purple) show the separate peak in itinde€1328 crit) owing to evaporation of /{Formatiert: Hochgestellt

HCI together with NAT. FoB-NAT the analogous situation is displayed in theosel and - - { Formatiert: Schriftart:

Symbol

FTIR absorption spectrum @#fNAT as Table 3 suggests the well-separated pedhetdlue /{Formatiert: Schriftart:

Symbol

of the 3227 cril ice peak at 3360 ¢Mto be a HCI tracer as it looks very similar to tpe/{Formatiert: Hochgestellt

HCI/H,O system (lannarelli and Rossi, 2014 Chiesa argbiRB013). The peaks identified to ~ { Formatiert: Hochgestelt
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appear in the FTIR spectrum upon HCI adsorption b®found in the fifth column of Table

3 which displays the principal IR peaks in the refee HCI/HO system, except the 1200jgr;rL/{Formatiert: Tiefgestellt

o ‘[ Formatiert: Hochgestellt
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es at
the-same-time—\We-therefore In order to restragnniiimber of independent measurements on

this ternary system to a practical level viiad to make some assumptions and/or

simplifications in order to measure the unknownapaeters of Eq. (2) for each gas used.
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Specifically, we made the followingeasonableassumptions, both fan-NAT and 3-NAT

substratesvhich have been experimentally verified in laboratexperiments

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

e ayat(HNOs) remains unchanged in the presence of HCI

Under these assumptions, no additional measureroéitte heterogeneous kinetics ofCH

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

Figure—68 displays the results of HCI-PV experiments @fNAT substrates. Full red
diamonds represent the results for HCI whereasHiatk circles represent HNQesults
using ag,_naT(HNO3) from TO experiments ands§EHNO;) from HCI-PV experiments.
Empty black triangles represent results for HNOTO experiments reported from Figure 2

for comparison.

Figure 6@ displays the measureg_yr(X) as a function of temperature,_yr(HCI) (full
red diamonds) slightly decreases as a functiorewiperature in the range 177.5-199.5 K,

being equal tari..(H2O) on pure ice at low temperatures and lower bgctof of 4 at T =

199.5 K.The decrease seems to be significMalues ofa,_nyar(HNO3) measured in TO

experiments in the absence of HCI are reportedmsyeblack trianglesh agreement with the

third above-listed assumptian#/e used these values in order to calculatg¢HRIO3) and
PefHNO3) in the presence of HCI.

Figure 6® shows results for &X) in molec §* cm® as a function of temperature. The same
symbols as in panel (a) are used(RCl) on a-NAT slightly increases as a function of
temperaturebut-andis lower by a factor of 1000 in the measured tenalpee range 177.5-
199.5 K compared to&H-0) on pure ice. R(HNO3) increases as a function of temperature,
varying from 1x18 at 181 K to 9x1dmolec 5 cmi® 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 |{HNO3) following HCI pulses and &HNO3) in the presence of adsorbed HCI
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molecules (full black circles) is identical withaxperimental error to JFHNOs3) of a-NAT
films free of adsorbed HCI (empty black triangledpwever, this result is contingent upon
the assumptions listed before, namejy nar(HNOs) being independent of the presence or

absence of HCI.

Figure-6& shows the results foredfX) in Torr calculated according to Eq. (9) for bdiCl
and HNQ as a function of temperature. The same symbols panel (a) and (b) are used.
Pe(HCI) for HCl-dopedefa-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 amorphéiGl/H,O mixtures calculated using
the same experimental methodology (lannarelli anssR 2014) shows thatfHCI) of HCI-
dopeda-NAT is lower by a factor of approximately 10 comgato Pi(HCI) of crystalline
hexahydrate in the overlapping temperature rangé.$1193.5 K).

Pe(HCI) of amorphous HCI/LD mixtures is higher by a factor of 20 compare&4¢HCI) of
HCIl-doped a-NAT at low temperatures (177.5 K) with the diffece being constant or

slightly decreasing at high temperatures (199.5 K) wheg@iRl) of the amorphous mixture
is only a factor of 4 higher thanrdHCI) of a-NAT.

Pe(HNO3) on HCI-dopedr-NAT films is equal within experimental error tefHNO3) of a-
NAT films free of adsorbed HCI. It is lower by acfar of 1000 compared to.gH>0) on

pure ice in the measured temperature range 172519

Figure—7% (symbols have the same meaning asigaire-69 shows the measured values of
ag-naT(X) as a function of temperatureg_yar(HCI) slightly decreases as a function of

temperature in the range 177-201 K, varying frof28.at 177 K to 0.016 at 201 Khich

may or may not be significanAs for the case ofi-NAT, we assume thatg_yar(HNO3)
(empty black triangles) equals the measured valtieg_yar(HNOs) on HCI-free-NAT in

two-orifice experiments whose results are displapegigure 4a.

Figure 7% shows results for thes®X) in molec §* cmi® as a function of temperature. The
same symbols as in Panel (a) are usegHRI) on 3-NAT is equal at higher temperature
within experimental uncertainty to.RHCI) ona-NAT and is lower by a factor of 1000 in the
temperature range 177- 201 K compared ¢¢HRO) on pure ice. R(HNO3) on HCl-doped
B-NAT films, being equal within experimental errar R.(HNO3) of undoped3-NAT films,
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indicates that adsorbed HCI molecules seem to haveffect on the rate of evaporation of

HNOs from B-NAT films in the presence of HCI as wedit least in the given T range

Figure 7@ shows the results forfX) in Torr calculated according to Eq. (9) for bdiCl

and HNQ as a function of temperature. The same symbols panel (a) and (b) are used.
Pe(HCI) of HCl-doped B-NAT is lower by a factor of approximately 100 coangd to
Pe(H20) on pure ice. HCI) of HCl-doped 3-NAT is identical within experimental
uncertainty to R(HCI) of HCl-dopeda-NAT in the measured temperature range 177-201 K
and the same observations are valid when comp&xifigCl) of crystalline HCI hexahydrate

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

In this work we have been able to grow HNBydrates 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 madsnbe is concerne&pontaneousBirect
crystallization ofa-NAT film on pure ice has been observed upon HN@position. Under
the presentystemconditionsB-NAT was never observed to crystallize directly ngdNO;
deposition but was always obtained as the stabim fafter conversion o&i-NAT films.
Temperatures higher than 185 K are necessary éordhversion to occur on the time scale of

the experiments we have performed.

a.—nat(H20) shows two distinct temperature dependent regidietemperatures lower than
180-185 K it decreases as a function of temperatemehing a minimum of approximately
0.003 at 185 K as displayed in Figure 2a. For teatpess higher than 185 i&,_nat(H20)

increases as a function of temperature, being @qua(H20) on pure ice andg_yar(H20)

at 193.5 K. An Arrhenius representation of the evapve flux 3(H20) (see Table 1) oa-
NAT shows two distinct regimes of temperature deleeice, as wellrigure-810reports the
results for PV and TO experiments as full and empty circles, respectively. We keep the
two data sets separated for clarity, but the resolt PV and TO experiments are

indistinguishable within experimental uncertaimytlie measured temperature range.

Egs. (11) and (12) present the two-parameter reptagons of the Arrhenius lines for
Je(H20) displayed irFigure-810 Equations (11) and (12) represent the solid ashed red
lines, respectively, with R = 8.314 J*nol™* used throughout:
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(75.3 £9.9)x103

181 K< T < 193.5 K:logJe,(H,0)[molec- cm™2-s1] = (35.9 + 2.8) — T

(11)

(3.5 + 4.2)x103

167 K< T< 181 K:log]Je,(H,0)[molec- cm™2 - s71] = (15.1 + 1.2) — AT

(12)

Table4 reports a synopsis of the kinetigfJJas well as the thermodynamic.g§Pparameters

calculated for all experiments of the present work.

The considerable scatter in thimetic data, reflected in the significant uncertaintieEgs.

(11) and (12), may be explained by the variabitifythe surface composition of the film as
well as the surface roughness and surface disofdee ice substrates, in analogy to the HCI
case (lannarelli and Rossi, 2014). For HCI thdtecén the kinetic data was thought to be
due to the stochastic nature of crystal growth efahnydrate films compared to amorphous

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

Moussa et al. (2013) have observed variations ofoup factor of 10 of the HNvapor
pressure of “smooth” ice samples exposed to kK®a result of induced surface disorder.
The exposure of the present samples to repeatdd Hi@ supersaturation during PV
experiments may lead to surface increased disahgero liquefaction and/or reconstruction.
In the high temperature regime we calculate anvatitin energy for kD evaporation
Ee(H20) = (75.3 + 9.9) kJ mdl and in the low temperature regimes almost no ézatpre
dependence is observed with an activation enengyif@ evaporation of §H20) = (3.5
4.2) kJ mot'.

The discontinuity in the Arrhenius representatidnkimetic parameters has already been
observed in pure ice as reported by Chaix et 8B}, 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 diguity at approximately 208 K in their
work on HO evaporation from HCI and HBr doped ice substratesa quartz crystal
microbalance study of # evaporation from pure ice the change in slopepsrted at 193 +
2 K (Delval and Rossi, 2004) comparable with thegerature of 188 + 2 K reported by
Pratte et al. (2006) in their work on the kinetafsH,O evaporation and condensation on

different types of ice.

No clear explanation for this break has yet beevaaced. 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. (2008)e observation of the break in pure ice
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1143 samples as well, however, strongly suggests thatotiset of a quasi-liquid layer may be

1144 independent of the presence of HCI and that thedyisand evolution of the sample play a

1145 role in the arrangement of the structure, simildoiythe case of the presence of cubic ice at
1146 high temperature in common hexagonal ice thatlfinratned out to be a perturbed hexagonal
1147 ice structure (Kuhs et al., 2012).

1148 In the case oB-NAT we have good agreement between PV (dotted &ned TO (solid line)
1149 | experiments of §H»0) as shown in the van ‘t Hoff representation digpt in Figurell

1150 As already mentioned, the ice surface is exposed $eries of pulses of,B during PV
1151 experiments. The free sites may be saturated b#fermtroduction of each consecutive pulse
1152 resulting in the discrepancy between PV and TO exmats. We therefore believe that the
1153 results from PV experiments are more precise bsg Eccurate owing to partial surface
1154 saturation whereas the TO experiments are lesssprbat more accurate. We chose the latter
1155 as the preferred values of this work despite thgelascatter in the data compared to the PV

1156 experiments.

1157 | Egs. (13) and (14) reports the best linear fitTfar and PV experimentsn 3-NAT displayed . - /{Formaﬁem Schriftart: Symbol

1158 | in Figurell, respectively:

(76.7 £ 17.7)x103

1159 | logPeq,(H,0)[Torr] = (16.7 £ 4.9) — 303 RT TO - Preferred (13)
75.5 + 11.1)x103
1160 logPqu(HZO)[Torr] = (16.7 + 3.0) _(ZSTR)': PV (14)

1161 The enthalpies of evaporation of® on 3-NAT films calculated for the two measurement
1162 techniques ardHY, 1o(H,0) = (76.7 + 17.7) kJ mdi for TO andAHQ, py(H,0) = (75.5 +
1163 11.1) kJ mot for PV experiments, respectively. The results slymed agreement between
1164 the two experimental techniques despite the exmtah scatter. The average value of
1165 AHS,(H,0) = (76.1 + 14.4) kJ mdl is slightly higher, as expected, but not signiity
1166 different compared ta-NAT films. Figure S2 of Supplement C displays a'v&loff plot for
1167 ’ a-NAT with AHY,(H,0) = (70.3 + 14.1) and (56 + 5.1) kJ mol for TO and PV
1168 experiments, respectively. Both values are idehtigthin experimental uncertainty whose
1169 | average yieldaHS,(H,0) = (6344 + 9.6) kJ mof and which leads to a standard enthalpy of
1170 formation slightly larger than that f@-NAT, as expected.

1171 However, we do not have good agreement betweenndOP& experiments for the kinetic

1172 parameters of-NAT: a discrepancy is observed in the results lef two measurement
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techniques regarding.RH-0) anda(H2O) for B-NAT. Figure 4 already shows a discrepancy

in a(H20) (full and empty red squares in panel a) with iagults of TO experiments being

larger by a factor of approximately 5 at 185 K ga&sing to a factor of 100 at 200 K compared

to PV experimental results across the whole teniperaange. The same qualitative trend,

albeit to a smaller extent, is observed fog(R.O) (Figure 4b) and the Arrhenius

representation ofe{H,O) on B-NAT clearly shows the discrepancy between theedififit

measurement techniques.

- { Formatiert: Schriftart: Symbol

are reported in Egs. (15) and (16) for TO (solise)i and PV (dotted line) experiments,

respectively:

(77.0 + 49)x103
2.303 RT

logJe,(H,0)[molec-cm™2 - s71] = (36.0 + 1.3) — TO — Preferred

(52.1 + 2.4)x103

logJey(Hz0)[molec - cm™ - s71] = (28.7 £ 0.7) — 2.303 RT

PV

(15)

(16)

Contrary to the case ai-NAT, no discontinuity in {(H.O) has been observed in the

Arrhenius plot of3-NAT displayed in Figurel2. We attribute the discrepancy between PV

and TO experiments to the fact that the former gubject to partial saturation of uptake

and evaporation in the aftermath of transient ssgiaration (PV). A look at the results of

a.—nat(H20) in Figure 2a reveals that the results of the Mi@surement technique agrees

well with the PV technique in the overlapping temgtare range. However, this plot displays

a “hole” of a factor of 20 centered the neighborhood efareund= 180 + 3 K with respect

to the values at the fringes of the temperaturerwal. There are indications that PV

experiments ona-NAT substrates may yield lower values of_yar(H20) at high

temperatures in excess of approximately 182 K (feigka), similarly to the results for

ag-_nat(H20) for aB-NAT film (Figure 4a). This might be an indicatitimat PV experiments

are very sensitive to the interfacial nature of themple. In other words, transient

supersaturation (PV) and “passive” steady-state) (€&periments may address different

properties of the gas-condensed surface interfatés is the first time such a large

discrepancy between two kinetic measurements tqubeihas been observed. As expected,

thermodynamic results are not affected for reasdmaicroscopic reversibility because both

forward @(H20)) and reverse reactions.(#H,0)) are affected to the same extent which

cancels out for the calculation of the values eftiodynamic parameters.
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Figure S3 of Supplement C shows the results of éements using D as a probe gas on
o-NAT and 3-NAT substrates. Red and black circles represemtdicay of series of two
pulses oro- andp-NAT, respectively, with the first and second pulsleeled accordingly. In
the case ofi-NAT films (red circles), the decay of the secondsps is equal to within 20-
30% of the decay of the initial pulses, and onlpifew cases at temperatures higher than 180
K is the decay of the second pulse significanthyar than the initial pulse. In the case3ef
NAT films, the decay of second pulses is consistesiower than the decay of first pulses in
most cases. This indicates that the surfaceB@AT films exposed to a transient

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

- { Formatiert: Schriftart: Symbol

work despitétsthelarger uncertainty. The enthalpies of evaporallx'lfirﬁ‘,,TO (H,0) = (76.7
17.7) kJ mot and the activation energy for evaporatiog(H,0) = (77.0 + 4.9) kJ mdiare
equal to within experimental uncertainties. We ughte an activation energy of
accommodation for ¥ onB-NAT of EacdH20) = E.(H20) - AH, 1o (H,0) = 0. Therefore,
no activation energy is required for the accommiodgtrocess of bD on3-NAT which is an
expected experimental outcome. In contrast, theatizin energy for KO accommodation on
o-NAT is computed as &(H.0) = E(H20) - AHgv_average(HZO) =75.3-6314=11.919
kJ/mol when using a value averaged over the PVTa@Ddexperiment of 634 kJ/mol for
AHgvyaverage(HZO). This small, but possibly significant positive igation energy is
consistent with th@ositivetemperature dependencecf y1(H20) eg—xar{H20)-displayed
in Figure24a for the TO experimerat T > 182 K, that is in the high T-range

Re(H20) on botha-NAT and3-NAT is smaller compared to.&H,0) on pure ice. This is in
agreement with the results of Tolbert and Middletr¢1990) Middlebrook et al. (1996),
Warshawsky et al. (1999nd Delval and Rossi (2005) who showed that icezb with a

other hand, our results are in contrast with thdifigs of Biermann et al. (1998) who report
that no significant decrease of thgQHevaporation rate was observed in HNiDped ice

films. The discrepancy mayossiblybe-duecausedtdy the high total pressure of 0.85 mbar

in their reactor compared to all other competitsredies cited above that use high-vacuum

chambers with total pressures lower by typicalfaetor of 500 or more. It is very likely that

the experiments performed by-low-Hhl@oneentration-used-Hyiermann et al. (1998yere

p { Formatiert: Tiefgestellt
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concentrations used as well as the thickness ohteemulated NAT layers in their no. 5
experiment were of the same magnitude as in thepeting studies-eempared—te—our

experimen ondition NE ~robable walbés due to HNOA nte on-which

was-not-taken-into—accountin-contrast-to-the—meapproach A hint to that effect is the

unexpected time dependence of the ice evaporadienim Biermann et al. (1998) that shows

an_induction time of 30 minutes as opposed to tkeeeted linear decrease from the

beqginning of evaporation (see below). We are unabktribute the source of the measured

H-O vapor in the presence of two,®Btcontaining solid phases in our chemical syster:n,{Formatiert:

namely pure bD ice and NAT. We restate that the partial pressateconstant temperature  { Formatiert
~ 7| Formatiert:

are controlled by the (relative) composition of #ystem in agreement with the single degree

of freedom resulting from Gibb’s Phase Rule anddae displayed in the binary HWQQ:/{Formaﬁen:
- ‘[ Formatiert:

phase diagrams displayed in Figures 3, 5 and S5.

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

Our observation is somewhat differemmpared to Delval and Rossi (200B)(H20) ona-

NAT and B-NAT is smaller compared toRH,O) on pure ice over the whole temperature
range and for all samples. The reason lies indloethat the average mole fraction of HNO
of the present samples is higher by at least arfaftl0 compared to the one used by Delval
and Rossi (2005). Therefore all our samples atbéarlow evaporation rate” regime of,&8
and our results compare well with the results ofvBleand Rossi (2005) once they evaporate

excess KHO and reach the “low evaporation rate” regime.

Figure 13 displays both the Arrhenius plots of(HHNOs) (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 experimengre possible for HN®experiments

tendency of nitric acid to stick to the inner sagfs, mainly on stainless (austenitic) stéais

has been verified by measuring the Langmuir adEorpin that same surface (Figure S1,

Table 2).The following equations define the correspondimgight lines based on the present
measurements. For-NAT (Eqgs. (17) and (18)) an@-NAT-films (Egs. (19) and (20)jlms

we find the following results:
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(178.0 £ 27.4)x103

a-NAT: logJey(HNO3)[molec - em™2 - s = (623 £ 7.8) — ———— (17)
128.6 + 42.4)x103
log Peqy (HNO)[Torr] = (29.3 + 12,0) — {22220 (18)
B-NAT: logJey(HNO3)[molec-cm™2-s71] = (40.6 + 2.4) — % (19)
_ (96.5 + 12.0)x103
108 Pegy (HNO3)[Torr] = (19.8 + 3.3) — ————r— (20)

We calculate an activation energy for HN@vaporation ona-NAT and B-NAT of
Eo(HNO3) = (178.0 + 27.4) kJ mdland E(HNO3) = (102.0 + 8.6) kJ mdl 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 }O.

Similar to the case of ¥, no activation energy for accommodation of HND B-NAT is
required since the evaporation activation energfHROs) = (102.0 + 8.6) kJ mdiand the
enthalpy of evaporatioAHZ,(HNO3) = (96.5 + 12.0) kJ mdi are equal within experimental

<

uncertaingies In contrast, a substantial activation energy #NB; mass accommodation of. - { Formatiert: Nicht Hochgestellt/
777777777777777777777 Tiefgestellt

49.4 kJ/mol is calculated from,&H2NO;) = E(H2NO3) - AHg‘LTO(HZNO3) = 178.0 — \

~
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128.6 = 49.9 kJ/mol which may have to do with thet fthata-NAT is metastable owing td\ﬁfeffgﬁ:;gltt Nicht Hochgestellt/

its unstable KO crystal structuréWeiss et al., 2016) \\{ Formatiert: Tiefgestellt

\ { Formatiert: Nicht Hochgestellt/

The thermodynamic parameters obtained above, naniély(H,0) and AHZ,(HNO3) for | Tiefgestellt
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both a- andB-NAT may now be used to estimate the relative Btahif o- vs. B-NAT as [ Formatiert: Tiefgestelr

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

the relevant stoichiometry:
HNO3ze3H,0(s) 5 3H,0(g) + HNQY(g) EAHe) (21)

For a- and B-NAT we obtain SAH " and SAH.2® equal to 31&8 and 324.8 kJ/mol,
respectively, when we use the average of the TORWdxperiment for BD and the TO
value listed above for HN{evaporation. Specifically, we have used 483t 9.6) and (128.6
+ 42.2) for HO- and (76.1 + 14.4) and (96.5 + 12.0) for HN&Yaporation for- and 3-
NAT, respectively, as displayed above. Finally, amive at the differenc&AH’* -

SAH? = -600 + 20.0 kJ/mol which shows th8tNAT is marginally more stable than
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NAT. This is true despite the fact that the staddasat of evaporation for HNOn a-NAT
(AHY, (HNOy)) is significantly larger than f3-NAT by 32.1 kJ/mol which may be expressed
by the fact that the calculated “affinity” of HN@owards ice in thei-NAT is larger than for
B-NAT as claimed by Weiss et al. (2016). Howeveis fact only addresses the behavior of
HNO; without taking into consideration the partial sli of the H,O network in the total
crystal structure. In view of the large uncertaintpainly brought about by the TO
experiment, we regard this result as an estimatéheotrue standard enthalpy difference

betweern- andB-NAT.

The results of HCI kinetic measurements displayed-igure 8 and Figure9 show that
Re(HCI) is always higher than JZHNQOs), with the latter being equal regardless of the
presence of absorbed HCI molecules in the condepsede. Hynes et al. (2002)so
observed that HCI uptake on HNQlosed ice was always nearly reversible in their
experiments, in contrast to HCI uptake on clean Adéhough the same HN{dosed ice
surface has been dosed repeatedly at differentcli@entrations by Hynes et al. (2002), the
degree of reversibility was found to be unaffedtgdprevious experiments. In contrast, we
never observed such reversibility. In our experitaghiCl always remained on the surface,
evaporating at a rate only slightly faster than HNyOth fora-NAT and-NAT and similarly

to R(HCI) of crystalline hexahydrate (lannarelli and SRip 2014). However, a possible
influence of the temperature cannot be excludebdistime, as the experiments performed by
Hynes et al. (2002) have been performed at dig§ifdgher temperatures, namely in the
range 210-235 K, compared to the experiments distlikere.

Similar behavior has been observed by Kuhs et2811Z) with respect to the presence of
cubic ice or “ice §” in common hexagonal ice.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 rangeewdence pointed
towards the fact that the resulting phase is not mubic ice but instead composed of
disordered cubic and hexagonal stacking sequeKcds et al. (2012) studied the extent and
relevance of the stacking disorder using both oneutis well as X-ray diffraction as indicators
of the “cubicity” of vapor deposited ice at tempearas 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 temperatas high as 210 K, the fraction of cubic

sequences in vapor deposited ice is still approbdtpal0%. The rate of decrease in cubicity
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depends on the temperature, being very slow at demtyres lower than 180 K and
increasingly rapid at temperatures higher thanK.8burthermore, even at high temperatures
the complete transformation into pure igavas never observed, with a few percent of cubic
stacking sequences still remaining in the ice, eafter several hours at 210 K and
disappeared only upon heating to 240 K. In addjtthbe combination of neutron and X-ray
diffraction experiments of Kuhs et al. (2012) candistinguish the difference between the
bulk and the interface whereas our measurementitpads, in particular PV experiments, are
very sensitive to the nature and properties ostraple interface.

In light of these results we speculate that thesgmee of two hydrates of HNOnamelya-
NAT and B-NAT, may depend on the cubicity or stack-disordéthe ice upon which the
NAT grows. HNQ adsorbed on cubic icetends to forma-NAT crystalline structures which
upon heating converts @©-NAT while the ice loses part of its cubicity. Themperature at
which the conversion front-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 &fom of a-NAT or B-NAT may highly
depend on the environment in which the NAT phasavgrand on the presence of high or low

fractions of “I".
Figurel414 displays both the Arrhenius plots of{(HCI) (A) and the van ‘t Hoff plots of
Pe(HCI) (B) for the interaction of HCI witlu-NAT and B-NAT films. As for the case of

HNOs, only TO experiments were performed with HCI agrabe gas. Full red circles and

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

The following equations define the correspondingight lines resulting from the present
measurements. FOFNAT (Eqgs. (22) and (23)) ar@dNAT films (Eqgs. (24) and (25)) we find

the following results:

(78.3 + 19.2)x103

o-NAT: logJey(HCD[molec- cm™ -s71] = (34.8 £ 5.3) 2.303 RT (22)
78.4 + 11.4)x103
log Peq(HCD[Torr] = (15.7 + 3.2) _(zz,TR)TX (23)
NAT:  logJ.,(HCD[molec - cm™2 - s71] = (28.6 + 1.3) — 887 £#6x10° 24
8lev 2303 RT
69.6 + 5.8)x103
l0g Pegu (HCD[Torr] = (133 + 1.6) - E22000 (25)
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Despite the considerable scatter of the data disglan Figuré414it may be pointed out that
the enthalpy of HCI evaporation is identical ierandp-NAT within the stated experimental
uncertainty: We compaH%(HCI) of 78.4 + 11.4 and 69.6 + 5.8 kJ/mol for andB-NAT
(equations (23) and (25)). On the other hamel have equality, perhaps fortuitously, between
Eo(HCI) and AH%(HCI) for a-NAT following equations (22) and (23) which leaidsthe
conclusion that HCl accommodation arNAT is not an activated process with essentially
zero activation energy similar to the situation M Os interacting with3-NAT. On the other
hand, this type of argument would lead to a negatactivation energy for HCI

accommodation of3-NAT because the enthalpy of evaporation of HCInfr8-NAT is
smaller than E(HCI) from B-NAT. However,-the kinetic-data-onHCH-from-botha-—and

B-NA e \ar\ ered—which—mav—m e s avia a¥aala on le

exereizeHowever, the kinetic data Qf(BICI) for B-NAT may be affected by saturation of

HCI uptake because experiments have been perfousiad the PV admission. This situation

may be similar to the kinetic results @f(#,0) for 3-NAT displayed in Figure 12 that shows

a significantly smaller value fors£H,0) in PV vs. TO experiments (52.1 vs. 75.5 kJ/meé

also Table 4) whereas the saturation effect seansonaffect the kinetic data far-NAT.

The anomalously large experimental uncertainty HMO; TO experiments ora-NAT

displayed in Table 4 certainly has to do with testricted temperature interval over which we

were able to moniton-NAT before it converted t8-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(HNO,) from a-
NAT..

5 Atmospheric implications and conclusion

In this study we have confirmed that exposure ef films to HNQ vapor pressures at
temperatureskin-te-the-enefound in the stratosphere leads to formation of NAd@rates.

Of the two known forms of NAT, namelw-NAT and B-NAT, the latter is the
thermodynamically stable one whereas metastNAT is likely to be of lesser importance

in the heterogeneous processes at UT/LS atmosphgfielevant conditions.

Re(H20) on a-NAT and B-NAT films are very different compared to the caseHCl/ice
where the evaporation of.B is not influenced by the presence of adsorbed ¢iCthe ice
and takes place at a rate characteristic of pugeTibis has important implications on the
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lifetime of atmospheric ice particles. Ice partchith adsorbed HNOforming NAT have
longer lifetimes compared to ice particles with@bed HCI, being amorphous or crystalline

HCI*6H,0. In light of our results we raise the questiohi&l-containing ice particles are of

significant atmospheric relevance as substratesh&derogeneous reactions due to their

reduced lifetimes and concurrent reduced opporamib enable heterogeneous atmospheric

reactionssuch as Reaction (1)

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

temperaturetarger than 181 + 2 fis:

3
log]Jey(H,0)[molec: cm™2 - s™1] = (35.9 + 2.8) _ (753 299)x107

(11)

2.303 RT

Je(H20) onB-NAT shows two values depending on the measureteehhiques as a result of

the propensity of the PV experiment to saturategtmecondensate interface. TO experiments

are less precise but more accurate owing to thetfet they are less prone to saturation
compared to PV experiments. Therefore, we repatlte of TO experiments as preferred
values, whereas we rule out kinetic PV results gvwiinpossible saturation problemsd note

in_passing thaf-NAT is apparently more prone to saturation tlweNAT. The Arrhenius

representationfor the preferred TO results is:

TO Experiments: log].,(H,0)[molec: cm™2 -s™1] = (36.0 + 1.3) —

HCI kinetic measurements am-NAT and -NAT indicate that HCI does not displace a
significant number of HN@molecules from the ice surface upon deposition,rather that
HCI and HNQ do not strongly interact with each other in thedensed phase and that HCI

(77.0 + 4.9)x103

2.303 RT

(15)

{ Formatiert: Schriftart: Symbol

- [ Formatiert: Schriftart: Symbol

evaporates faster. This observation is also supgpdiy the slower rates of evaporation and

the correspondingly higher values of the HN&aporation activation energy oANAT and

B-NAT, Ee(HNOs) = (178.0 + 27.4)and kI-mef-and-EfHNOz)=(102.0 + 8.6) kJ madl
(see Table 4)respectively, compared to the activation energy HICl evaporation on
HCl*6H,0, E-.(HCI) = (87.0 + 17) kJ mal. This also is consistent with a larger calculated

interaction energy of HNOwith HO (“affinity”) in a-NAT compared t3-NAT (Weiss et

al., 2016) despite the fact that°(a-NAT) is less stable by.8 + 20 kJ/mol compared -

NAT.
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A look at Table 5 reveals evaporative lifetimesvafious ice particles with respect to® -

evaporation. Equation (26) and (27) present thémendts of a very simple layer-by-layer

molecular model used to estimate evaporation fifes O« at atmospheric conditions
(Alcala et al., 2002; Chiesa and Rossi, 2013):

B0t = (/)N /Jey" 26) - { Formatiert: Tiefgestellt
777777777777777777777777777777777777777777777777777 \{\‘ { Formatiert: Tiefgestellt
—“19—— ‘Je“mf)i( i-hsi0o) OO0 (27) . { Formatiert: Tiefgestellt

\\\ { Formatiert:

Hochgestellt

. Tiefgestellt

. Hochgestellt

{ Formatiert:

Tiefgestellt

Formatiert:

Hochgestellt

77777777777777777777777777777777777777777777777777777777 { Formatiert:

Tiefgestellt

evaporation model is the linear rate of chanqehefradms or diameter of the particle, a WeH- {Formanert:
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and widely known fact in aerosol physics in whibk shrinking or growing size (diameter) of * \{mea“e”: Tiefgestelit
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an_aerosol particle is linear with time if the rai& evaporation is zero order, that is

independent of a concentration term. Table 5 flisés evaporation life times which are not

defined in terms of an e-folding time when dealivith first-order processes. In this example

the lifetime is the time span between the cradld death of the particle, this means from a

given diameter 2r and “death” at 2r = 0. The chasemspheric conditions correspond to 190
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immediately apparent that there is a large vamatitb;: values for atmospherically relevam\
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conditions which goes into the direction of inciegsopportunities for heteroqeneous\ {Formanert:
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interaction with atmospheric trace gases, eveptioe ice (PSC type Il). Table 5 is concerned
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with the most volatile component, namelyQH If we now turn our attention to the Ieast
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0% HNQ; saturation. The other boundary conditions are K9®olar upper tropospherlc 1
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conditions at 11 km altitude (226.3 mb at 210 Kjppb HNQ, 10 ppm HO corresponding to Roman
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complications. It follows as a corollary that béticl, but especially HN@contamination of \\{Formatiert: Tiefgestellt

HO ice is bound to persist for all practical atmasdhconditions. \\{Forma"em Tiefgestelt

************************************************************ <. *{Formatiert: Tiefgestellt

) ‘[ Formatiert: Tiefgestellt

o JC JC U JC  JC JU U U UL

45



1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469

1470
1471
1472
1473
1474
1475
1476
1477
1478




1479
1480

1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492

1493
1494
1495
1496
1497
1498
1499

1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510




1511
1512
1513

1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525

1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543

Tiefgestellt
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a steeper T-dependence Qf{RINOs) in a-NAT (Figure 2 and Table 4). We conclude, that
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laboratory experiment would certainly be differahtiower temperatures more representative
of the UT/LS.
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Table 1: Characteristic parameters of thedpresertirred Ffow Rreactor(SFR)

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

H,O calibrated volume — inlet line

Vwater = 62 et

HNO; calibrated volume — inlet line

Vacig = 20 cni

Si support area (one side)

Asi=0.99 cm

Surface to Volume ratio

2 Asi/y =0.9725x10 cm?

Reactor wall temperature

Tw=315K

Conversion of evaporation rate and flux

Rev: VR = 2-Agi - Jev

HNO3 H.0 HCI
Base Peak Signal MS [m/z] 46 18 36
MS Calibration Facto€” [molec's A] 4.53x10%° |6.65x10%° |1.30x10%°
Escape rate constant
0.0913 0.1710 0.1213
kS, = CS \/g (small orifice) [s']
T g
kese = CM\/; (both orifices) [S] 0.4331 0.8102 0.5729
Gas-surface collision frequency at 315(K,
5 3.95 7.39 5.22
one side [§] @ w =S -A, = f8 RT As
4V M 4V

In order to calculate the accommodation coeffictentsing equation (3) we have used &s the total collision
frequency for both sides of the Si-window.
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1744 Table 2: Fit parameters of the Langmuir adsorpimotherms for HO, HNO; and HCI

1745

1746
1747
1748
1749
1750
1751

1752

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

Adsorbed Gas KL Ntot Nmax Oy
(Additional Gas) ® | [x1074® [x10Y] © x10"@ | [x109®@
H.0 3.18+0.38) 7.03+0.42| 3.73+£0.22 6.19+0/08
H.0
467+0.39| 838+0.29| 445+015 -
(HCI, R, = 8x10%
HNO; 1.10+0.16 93 +11 49 + 6 2.92+0.10
HNO;3
1.61+0.40 76 £ 15 40 +8 -
(H20, R, = 2-3x139
HNO;3
1.28 +0.17 84+8 45+ 4 -
(average values)
HCI 437 £ 21 5.06+0.06 | 2.68+0.03 16.9+0|3
HCI
63.1+4.9 485+007| 257+0.04 -
(H20, R, = 6x10°)
HCI
64.6 + 6.3 379+0.09| 201+0.04 —
(H20, F, = 3x10°)

®K, is the Langmuir adsorption equilibrium constantir® molec™.
© Nrot is the total number of adsorbed molecules ontdritexnal surfaces, reported is the saturationevétu
total internal surface (1885 &of SFR.

@ Nyax is the adsorption site density in molec&m

®q, is the reactor wall accommodation coefficient.
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1757
1758

1759
1760
1761
1762
1763

Table 3. Peak Positions in &nin the mid-IR of HNQ and HNQ/HCI Hydrated

a-NATHCL | B | a-NATfice | B-NAT/ice | ! HCI/H 0 am
this work NAT/HCI lannarelliet | lannarelli et lannarelll et al.
this work al., 2015 al., 2015 2014
3430 (sh) 3430
3354(sh) 3360 3377 3360
3239 | 3227 | 323% | 8233 | 323¢
1767 | 1850 | 1760 | . 18500 | 1736
1826 1625-1860° | ) | | = 163
1375 1378 1385 1378
1328 1339 1339
1196 1198

o { Formatiert:

Schriftart: Fett

{ Formatiert:

Hochgestellt

\\\ ‘[ Formatiert:

Hochgestellt

\[ Formatiert:

Hochgestellt

{ Formatiert:

Hochgestellt

*\

{ Formatiert:

Hochgestellt

\\ { Formatiert:

Schriftart: Kursiv

{ Formatiert:

Schriftart: Kursiv

{ Formatiert:

Schriftart: Kursiv

o A U U

- { Formatiert:

Schriftart: 10 Pt.

pe
\\

*\\\\ ‘{ Formatiert:

Abstand Vor: 0 Pt.,
Zeilenabstand: Mehrere 1.15 ze

NS THEO IWO Dallds al 100 alli 1o£9-100U LI \\\\\{Formatlert

Schriftart: Symbol

\
4»\‘\\

\\ W { Formatiert:

Schriftart: 10 Pt.

‘\\ \

\\‘\\ { Formatiert:

Schriftart: Symbol

\
\\
\\\\

{ Formatiert:

Schriftart: 10 Pt.

Hochgestellt

‘\\

{ Formatiert:
{ Formatiert:

Schriftart: Symbol

Formatiert:

Tiefgestellt

Formatiert:

Tiefgestellt

Formatiert:

Schriftart: 10 Pt.

Schriftart: 10 Pt.

Formatiert:

Schriftart: 10 Pt.

Formatiert:

Zeilen

|
i
w(
[ Formatiert:
(
{

Zeilenabstand: 1.5

o U JU U U U U L

59



1764
1765
1766
1767

1768
1769

1770

1771
1772

Table34: Synopsis of thermodynamic {Pand kinetic (d) parameters of the Arrhenius and

van ‘t Hoff representation of data from Figure 2gufe 4,Figure-6Figure &nd Figure—7

Figure 9
b
Jev(a) Peq( )
Eev A AHY, AS/e
Sample Gas Exp.
TO 75.3+9.9 359+2.8  70.3+14.1 15.2 + 4,
H,O
PV 35+4.2 15.1 +1.2 56.5+5.1 11.8+1.
a-NAT
HNO; | TO | 178.0+27.4| 623+7.8 128.6+42/4 293012
HCI PV 78.3+19.2 | 348+53  78.4+114 15723
TO 77.0+4.9 36.0+1.3] 76.7%17.7 16.7 + 4,
H,O
PV 52.1+2.4 28.7+0.7] 755%11.1 16.7 + 3|
B-NAT
HNO; | TO 102.0+86 | 40.6+2.4 965+ 12.( 19.8+3
HCI PV 56.7 + 4.6 28.6+1.3 69.6 +5.8 13.3+1,
@for gas X, R = 8.314 JKmo™": logJe, (X)[molec- em 271 = - 222

® for gas X, R = 8.314 J'Kmor®: log Peq, (X)[Torr] =

AHY,x103
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Table 5: Atmospheric Lifetimes of various @t diameter Ice Particles at 190 K calculated: { o ert Sehiftart: 42 Pt Nient }
using the measured absolute rate gbtévaporation of corresponding ice parficle - { Formatiert: Tiefgestellt )
"~ Formatiert: Schriftart: 12 Pt., Nicht
Molecular Evaporation Flux Lifetime 0/h Dopant Dose/ML Fett
System JeM
© (molecular
(moleculecn®s® | | monolayer) | - { Formatiert: Hochgestellt ]
o ‘[ Formatiert: Hochgestellt J
H.0 2.1 10° 2.6 pure
HCI/H,0 5.110° 10.9 <3 ML
1.4 10° 39.7 23 ML
HBIr/H,0 2.110° 26.5 <3 ML
a-NAT/H,0 1.8 10° 231 pure
-NAT/H,0 6.0 10" 69.4 pure
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1782 Figure 1: Schematic drawing of the reactor usedhisa work. The diagnostic tools are

1783 highlighted in red and important parameters atedisn Table 1 and Table 2. The ice film is
1784 deposited on both sides of the 1" diameter Si windblack vertical symbol hanging from
1785 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 0 and HNQ in two-orifice (TO) experiments. Full symbols repent PV

experiments and empty symbols represent TO expetiriehe different symbols are coded

in panel b:
relative error for PV experiments is 30% whereasTiO experiments we estimate a relative

exthe calculated

error of 60%. Examples of the amplitude of the iesrare reported for selected points. The
black line shows results from Marti and Mauersber@®93) with R(H.O) of pure ice

calculated for the system in use using 1.
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Figure 3: Binary phase diagram of the HX@O 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 QfP-0) for a-NAT using the kinetic data of two-orifigd O)
experiments. The solid lines represent the coexésteconditions for two phases and the
dashed lines represent vapor pressures of liquitts @@mposition given as % (w/w) of

HNOs. The shaded gray represents polar stratosphariit@ns.
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error for PV experiments is 30% whereas for TO expents we estimate a relative error of

60%. Examples of the amplitude of the errors apented for selected points. The green line

shows results from Marti and Mauersberger (1993).
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(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 ofcfH>0) using the kinetic data GfO (T4wo-Oerifice) experiments. The
solid lines represent the coexistence conditiondvio phases and the dashed lines represent
vapor pressures of liquids with composition given% (w/w) of HNQ. The shaded gray

represents polar stratospheric conditions.

66



1821

1822

1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833

«- - {Formatiert:

Standard

E)
S
a
o
4000 3000 2000 1000
Wavenumber [cm ']
— H,0
107 — o, — 205
— Hal
—— Temp Sp?
\
1015 sp3 \ — 200
T 10" 195
5 —
E =
2 13
£ 0 L 190
10" 185
10 T T T T T T 1 T T T T 1 T T T T T T 180

12:30 12:55

time

o { Formatiert:

Schriftart: Symbol

substrate under SFR conditions followed by MS (lop@&nel) and FTIR transmission across

the thin film (upper panel) as a function of tima. the lower panel the temperature is

displayed as the green trace, the red MS signaésepts HC| at m/e 36 amu with the pulsed

forcing recognizable as single peaks (12) on tofnefred columns. The individual HCI doses

. Hochgestellt

molecules. The blue and black traces represenetmonse of O (m/e 18 amu) and HNO

o ‘[ Formatiert:

Hochgestellt

<

N ‘[ Formatiert:

Tiefgestellt

(m/e 46 amu) as a function of time (temperature) I forcing. The upper trace displays

{ Formatiert:

Tiefgestellt

(N Y

FTIR transmission spectra at selected times inelitat the lower panel through color coding.

The principal peak positions are listed in Tabkn8 the changes are discussed in the text.
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Figure 7: Repetitive PV (Pulsed Valve) depositiotpegziment of HCl on af3-NAT/ice

substrate under SFR conditions followed by MS (lop@nel) and FTIR transmission across
the thin film (upper panel) as a function of tima. the lower panel the temperature is
displayed as the green trace, the red MS signatsepts HCI at m/e 36 amu with the pulsed
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The principal peak positions are listed in TabEn8 the changes are discussed in the text.
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1857 | Figure 810 Arrhenius plot of J(H2O) for a-NAT. Full and empty red circles represent
1858 results of PV and TO experiments, respectively.aDate taken from Figure 2b and the
1859 equations for the linear fits may be found in tet t
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1861 | Figure911: van ‘t Hoff plot of Ry/(H20) for B-NAT data displayed in Figure 4c. Full and
1862 empty red squares represent results of PV and @rements, respectively. The equations

1863 for the linear fits may be found in the text.
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1865 | Figure 1012 Arrhenius plot of J(H-O) for B-NAT data displayed in Figure 4b. Full and
1866 empty red squares represent results of PV and T@rements, respectively. The equations

1867 for the linear fits may be found in the text.
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1869 | Figure1113 Arrhenius plot of J{HNO3) (A) and van ‘t Hoff plot of B(HNOs) (B) for a-

1870 NAT (Figure 2b and Figure 2c) af#NAT (Figure 4b and Figure 4c) resulting from TO
1871 experiments. Full black circles and empty blackasgs represent the interaction of HNO
1872 with a- andB-NAT films, respectively. The equations for thdifig lines may be found in the

1873 text.
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Figure 1412 Arrhenius plot of J(HCI) (A) and van ‘t Hoff plot of B(HCI) (B) for a-NAT

(Figure 8b and Figure8c) and -NAT (Figure 9b and Figure9c) resulting from PV

experiments. Full red circles and black triangkgsresent the interaction of HCI with and

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