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The evaporation fluxe, of H>O from thin HO ice films containing between 0.5 and 7 monolayers of HNO

has been measured in the range 179 to 208 K under both molecular and stirred flow conditions in isothermal
experiments. FTIR absorption of the HM8,0 condensate revealed the formation of metastabMAT
(HNO3-3H20) converting to stablg-NAT at 205 K. After deposition of HN@for 16—80 s on a Jum thick

pure ice film at a deposition rate in the range-@) x 10 molecules s! the initial evaporative fluxle,

(H.0) was always that of pure icd.(H,0) gradually decreased with the evaporation efOHand the
concomitant increase of the average mole fraction of HN&\o,, indicating the presence of an amorphous
mixture of HLO/HNG; that is called complexed or (c)-ice whose vapor pressure is that of pure ice. The final
value of J., was smaller by factors varying from 2.7 to 65 relative to pure ice. Depending on the doping
conditions and temperature of the ice film the pure ice thickigss the ice film for whichJey < 0.85]c\~

(pure ice) varied between 130 and 700 nm compared to the 1000 nm thick original ice film at 208 and 191
K, respectively, in what seems to be an inverse temperature dependence. There exist three different types of
H,O molecules under the present experimental conditions, hamely (a) f@ediresponding to pure ice,

(b) complexed HO or c-ice, and (c) KD molecules originating from the breakup of NAT or amorphous
H,O/HNG; mixtures. The significant decrease &f(H,O) with increasingywno, leads to an increase of the
evaporative lifetime of atmospheric ice particles in the presence of H#X@ may help explain the occurrence

of persistent and/or large contaminated ice particles at certain atmospheric conditions.

1. Introduction ice particled thereby affecting the chemical composition of the

It took a long time to unambiguously prove the existence of €levant atmospheric layers that are most important to climate
polar stratospheric clouds (PSC's) by in situ measurements inchange. Recently, the sensitivity of cloud parameters such as
the lower stratosphere (LSpfter they had been proposed to &mount, height, optical depth and particle size on the_ radiative
be the seat of heterogeneous chemistry responsible for polaforcing has been assessed and found to be approximately 10
ozone depletiod3 It took an equal length of time to appreciate  times higher than corresponding changes i €@centratiort!
the importance of cirrus (ice) clouds for the chemical composi- Poubling for instance the cloud height of a cirrus cloud leads
tion of the upper troposphere (UT), their role in climate change to & positive radiative forcing of 12 W/which is enormous
notwithstanding. Pure ice in the atmosphere is prevalent as coldwith respect to doubling of the G@oncentration which itself
clouds such as cirrus clouds and aviation contrails in the UT as leads to a radiative forcing 6f2 W/n. In turn, doubling the
well as type Il PSC’s in the LS, albeit under special meteoro- cloud optical depth leads to a negative radiative forcing b7
logical conditions. Cirrus clouds are ubiquitous throughout the W/m?. These large values suggest the importance of atmospheric
UT and at times can cover as much as 40% of the Earth’s ice particles on global climate.
surfacet® Natural cirrus clouds are composed of ice particles  Lawrence and Crutzéhhave suggested that the uptake and
whose characteristic length scalés >20um and which occur  gravitational redistribution of nitric acid, HN§by cirrus cloud
at typical number densitiesof < 100 cnv3, whereas aviation  particles may represent a significant sink of HN®the UT1?
contrails are composed of small ice particles vdin the range  much like the well-known denitrification mechanism of HNO
0.5-3um atn = 100-200 cn° In addition to regulating the  from the LS in the context of polar ozone depletion events. Nitric
hydrological cycle on a global scale, thereby directly affecting acid is a reservoir species for N®and is a ubiquitous trace
the most important greenhouse gas water vdpbe cirrus  gas of global importance. Moreover, a depletion of HNG
clouds themselves play a vital role in the global radiative sedimentation out of certain layers of the UT will lead to a
palance‘% errus clouq and aviation contrails as well as aviation- gecrease of N@3which primarily controls ozone, an important
|nduce_d cirrus cl_oudlness now represent the largest Uncerta'ntygreenhouse gd4. Typical concentrations of gas-phase HNO
factor in assessing future climate change as well as the futurej, ¢jrrys clouds ranging from 100 to over 1000 ppt have recently
impact of aviatiorf.In addition, the presence of ice particles in  peen measured using sophisticated airborne instrumentation such

the UT/LS ona regional or local scale at midlatitud'es begs 'Fhe as chemical ionization mass spectrometry (CIMSJtogether
question of the importance of heterogeneous chemical reactions, it other parameters such as relative humidity ¢fh)

of atmospheric trace gases occurring on the surface of these .
P 9 9 Field measurements revealed the presence of HiN®/pe
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HNO3-3H,0) occurring in the LS at high latitudes and as HNO
laced, sometimes heavy, ice particles in the'lUThe concept

of an ice particle with a NAT coating at its surface that would
prolong its lifetime due to inhibited evaporation ot®lis a
recurrent ide¥ used to explain the presence of ice particles
several degrees above the stratospheric ice frost FoNAT-
coating was once suspected to decrease tkEvdpor pressure

of the coated particlé%2° despite the presence of a pure ice
core, or to decrease the uptake coefficient @OHon such a
particle!® The latter situation would lead to an increase of the
lifetime of the particle by lowering the rate of evaporation under
the constraint that the vapor pressure of ice were preserved. In
the case of cirrus cIou_ds, the recent study c_)f _Gao _and Figure 1. Schematic drawing of the experimental apparatus: 1, liquid
co-workers® based on airborne measurements inside Cirrus pitrogen reservoir; 2, evacuated Dewar vessel; 3, silicon window of
clouds and aviation contrails has led to the conclusion that the 0.78 cn? area used as a substrate fogCHdeposition; 4, calibrated
observed increase of rh up to 135% of its saturation value below leak equipped with a leak valve allowirgatic (valve and 5 closed)
202 K may be attributed to the presence of a new type of INO  and stirred flow or low pumping rate{valve open and 5 closed)
containing ice, so-called-ice, that has & value of HO smaller ~ EXPeriments; 5, 6 in. gate valve allowintynamic or high pumping

- . rate experiments when opened; 6, flange for turbo pump; 7, quadrupole
than the one for pure ice, but whose rate or flux of evaporation, mass spectrometer; 8, PTFE thermal insulation isolating the whole

Rev andJey, respectively, is identical to pure ice. This proposal cryostat but the Si window; 9, reactor chamber; 10, solid copper finger
implies the breakdown of microscopic reversibility and leads with cartridge heaters for control of the temperature of the Si substrate;
to the violation of the second law of thermodynamics, as has 11, quartz crystal microbalance (QCM) with Delrin insulation prevent-
been pointed o Below we will propose a sound interpretation  ing significant molecular exchange between the gas phase and the QCM

of the observations of Gao et al. that is based on the presentdeVice but the 0.50 chpiezoelectric crystal itself; 12, absolute pressure
laboratory measurements gauge (Baratron, MKS 220-AHS). Several typéghermocouples (not

. . . . shown here) are located throughout the vacuum side of the cryostat in
The focus of this work is on the kinetics ob8 evaporation  qder to measure the temperature in different areas (Si window, PTFE
of ice films in the range 179208 K that are condensed from  |nsulation, reactor and calibrated leak walls,etc.). In addition, two 2

the vapor phase and that contain small but known amounts ofin. NaCl windows allow the FTIR monitoring of the condensed phase,
adsorbed HN@ The main result is that small amounts of HNO  and two inlet tubes allow the injection of,8 as well as the trace gas

adsorbed on thin ice films significantly decreakg once the into the reactor; 13, independent temperature controlled cooling of
pure ice fraction has evaporated. This leads to a concomitant .
increase of the evaporative lifetime of the ice particle. HNO;

2. Experimental Setup Dosing gas inlet

We present results on the evaporation kinetics g Hhat QCM crystal
have been obtained using the reactor equipped with multiple sensor
diagnostics whose hardware parameters have been previously
given in detail?23 The experimental apparatus itself is sche-
matically represented in Figure 1.

The main change in the experimental setup compared to the XY
version presented in refereriéds that the reactor is now Delfin inslation
equipped with two glass dosing tubes (DT) for vapor injection,
one for HO, DTh,0, the other for HNGQ, DTuno,. The latter
may be oriented toward the Si-window of the cryostat (position
DTaINQa) or the quartz (_:rystal microbala_nce1 QCM, sensor OCM Hatats Toldee 1;8;@;:1?&&

(position DT38) depending on where the ice film to be doped Q&:‘jm“{irn _
s located. This allows the directed deposition of HNIto Figure 2. Horizontal cut (view from the top) contaiknin the HNO
the ice film as shown in Figure 2 for the casem which dogsing tube (DT). The Delrin-insulated QgM and thegpiezoelectric

. . 3 .
ha§ _beer_1 prSU_ed in the present study in O_rder to avoid thecrystal sensor are positioned perpendicular to the reference (paper)
efficient interaction of HNQ@ with the reactor internal walls, plane.

be they Teflon-coatéd?> or made of stainless steel.

As a reminder, the precision of the temperature reading was calibrations that are discussed in ref 23. One must remember
+0.5 K. We do not expect a radial temperature gradient on Si that these calibrations are mandatory due to the fact that the
(cryostat) and the Au-coated piezo element (QCMB) due to the use of a QCM for the measurement of the mass of any deposit

(Position DT},)

large known thermal conductivity of these elements (2300 requires the accurate knowledge of the shear modulus of the
W m~1 K=128) |n addition, the thermal conductivity of, ice film. For ice, only scant information has been published on this
that is obtained betweerf2and 5 W nt! K~1 2829implies a subject3®-32 which is the reason we have chosen to indepen-

temperature gradient across the ice film thickness smaller thandently calibrate the QCM. The cross calibration between the
1 K um~127 which may be considered as negligible in the FTIR-probed Si-window and the QCM uses aMHice film

present study. deposited from the gas phase at 190 K at a rate of B¢ to
Characteristic data on the hardware are summarized in Tablel x 10" molecules cm? s™L. This results in a calibration factor
1 for the QCM signalC; = 7.8 (see Table 1) that leads to a

The knowledge of the absolute number of moleculesg®H  precision of 1.4x 10 molecules cm? for the number of HO
that are present on the sensor of the QCM are based onmolecules deposited on the QCM sensor element. This roughly
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TABLE 1: Hardware Parameters of Both Cryogenic Sample Supports for the Kinetic Study of HNG;-Doped Ice

Si optical windovi QCM
reactor tempT; [K] 320
reactor vol,V; [K] 2400
conversion factor (RT), Conv [molecules crr? Torr] 3.0 x 10
sample surface area [ém 0.78 0.50
H,O collision frequency with ice sampley,o [s7Y] 4.98 3.19
H.,0 effusion rate constant of calibrated lelk{H.O) [s™] 0.064
MS calibration factor for HO (mVz = 18, stirred flow),C5 " [molecules st A~1] 2.4 x 10
MS calibration factor for HO (mVz= 18, dynamic)C¥"Tmolecules st A~ 1.7 x 10%°
HNO; collision frequency with ice samplejno, [S71 2.67 1.71
HNQO; effusion rate constant of calibrated le&ledHNO3) [s7Y] 0.042
MS calibration factor for HN@(m/z = 30, stirred flow),C5,""[molecules st A1 6.2 x 10%
MS calibration factor for HN@(m/z = 30, dynamic) C3"[molecules st A~] 2.2x 105
calculated escape orifice aré®s.[mm?] 1.0
calibration factor for QCM
temp [K] Ci [au]

170 9.0

180 8.0

190 7.8

193 6.0

205 2.0

208 1.9

20D = 1.08 from FTIR for a 10000 A thick pure ice fil.

. . e taeaalesaate e le v e bt by by by anatanagl
corresponds to 1.5% of a formal monolayer. These calibrations 3 JpHE ' i H ; P
enable the monitoring of the mass change or growth of a 5 |
deposited ice film of known initial thickness and film density “ f

of 0.93 g cn® 33 on the QCM that is subsequently used as a
substrate for HN@deposition.

The absolute amount of HNCadsorbed on the ice film is
evaluated by first establishing the absolute flow rate of HNO
F ((HNOs3), into the chamber under stirred flow conditions (gate
valve closed, leak valve open) using Mz = 3022 Second,
the calibrated MS signal corresponding to the measured HNO = 1
loss by adsorption on the ice substrate was integrated in order 3]

|
|

30 [A]

=
P
i

S Signal m/z
L
L1 |

Stirred Flow

Dynamic

to determine the absolute number of deposited Hh©Olecules.
In Appendix A, we briefly recall this method described in detail 2 4 !
previously? but apply it to HNQ, instead of HCI and HBr, as 0"0'”"”'2'0”""'”4'0'”"””&;”"l"|"g'(;”"m}l}lom'””,‘m
well as give the reader information on the calibration of the Time[s]
MS signal under dynamic pumping conditions. Figure 3. Typical MS signals fomz = 30 during directed HN®
In all kinetic experiments performed between 179 and 208 admission onto the quartz sensor of the QCM: reference experiment
K the ice film was 1um thick and was first grown by deposition ~ With QCM at 320 K (grey trace) and HN@losing at 189 K on an ice
of bidistilled water vapor under static conditions (gate valve, 1M (black trace) deposited on the QCM. After the deposition on ice
leak valve closed, see Figure 1) on the 0.5 aurface of the (blac_k trz_;lce), the system is set from s_tlrre:-d flow to dynamic conditions
- att = t. in order to halt HNQ admission into the reactor.
QCM sensor at 190 K and a typical rate 0k1101” molecules
cm2 s71, Such ice films consist of thermodynamically stable
polycrystalline iceln?2343%and a thickness of &m ensured a
homogeneous coating of ice covering the substrate. Moreover
we have checked that the ice films formed under these
conditions are nonporotkas expected*3¢Indeed, the absence d%y”
inthe FTIR spectrum in transmission of thQG)_idangllng OH-_ J,,=C x 3.11x 10 % cM 100 1)
stretch absorption tends to prove that the ice is of low porgsity. v dt
Subsequently, the ice film temperature is set to the value of
interest at stirred flow condition and steady-stag©Hvapora- where%"é‘M is the initial raw output signal in V given by the
tion is achieved in the upper chamber of the reactor. KO IC/5 controller,C; = 7.8 the calibration factor of the QCM for
then deposited on the ice surface through the directed gas inletan ice film deposited under the conditions of this work and 3.11
As soon as the chosen dose of HjN@olecules is dispensed,  x 1014 [molecules cm2 A~1] the number of molecules forming
the system is set to dynamic conditions by opening the gatea 1 cn? by 1 A thick ice film of density 0.932 The factor of
valve in order to halt HN@dosing (Figure 3, point E). Starting 100 in eq 1 corresponds to the conversion of the initial IC/5
from t. the HNG; doped ice sample evaporation history is output voltage of 10 V for a thickness of 1000 A of a material
tracked and recorded using the QCM as well as MS. of unity density andZ-ratio, the acoustic impedance ratio derived
Under the present molecular flow conditions no condensation from the shear modulus of the deposited thin fifialidation
of water onto the temperature-controlled piezoelectric sensorand limits of the quantitative aspects of the QCM technique
is taking place owing to the low partial pressure ofHJe, is for pure ice films have been discussed before in ref 23.

E
I
|
|
|
|

therefore directly evaluated from the derivative of the time
dependent thickness or number ofGHmolecules present on
'the crystal as described in detail in ref 23 following eq 1:
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Figure 4. Typical experimental protocol of the evaporation at 189 K
of a 1.2um thick ice film doped with approximately 5 monolayers of
HNO:;. This illustration corresponds to the experiment whose BHNO
deposition and evaporation are described in Figures 3 and 18,
respectively: ©) ice thickness monitored by QCM (AXJ) “apparent”
H.O evaporative flux,J3°", monitored by QCM (molecules cra
s1); (+) 11 MS signal for HO(A); (x) 130 MS signal for HNQ (A);
) Jéff evaporative flux calculated froiing (molecules cm? s7%); (A)
Int(3%) time integral ofJX¥ (molecules cm?). Different labels cor-

respond to specific instants during ice evaporation described in the text.

3. Experimental Method and Results

Figure 4 illustrates a typical evaporation history of a 22
thick ice film grown at 190 K from the deposition of bidistilled
water vapor at a rate of ¥ 10 1" molecules cm? st under

static conditions. The system was subsequently set to 189 K€vaporation. Asl,

under stirred flow conditions and HNQvas deposited at an
average rate of 2.% 10 2 molecules s! during 74 s. Att =
tayn = 0 s in Figure 4, the system was set to molecular flow
conditions by opening the gate valve. In this experiment..7
1015 molecules of HN@Qwere deposited onto the ice film which
approximately corresponds to 5 formal monolayers. From the
beginning of the evaporation of the ice film to point D at 189
K in Figure 4 the evaporative flude, is nearly constant and
equal to 2.2x 10 16 molecules cm? s~ which indicates that
Jev remains that of pure ice in agreement with the results we
have published previously for the kinetics of evaporation of pure
and HX-doped ic&233° as well as with results from the
literature?°

At point D, which is evaluated at a precision within 15%,
Jev measured using the QCM2M, begins to decrease. This
apparent change in evaporative flux of(is confirmed by
the change of the MS signal at/z = 18 which follows the
same decreasing trend. Howev: fM andlig do not change

Delval and Rossi

to the same extent so that we suspect a chang®& tdf occur
due to the presence of HNOThis discrepancy betweel?,
andJe, Obtained from the MS signal a¥z= 18 has been found
before and presented in the case of pure ice fifireviously,
we have attributed this sudden discrepancy to a probable
structural change for a film thickness smaller than 80 nm. This
may lead to a modification of the mechanical properties of the
ice films and thus ofZ; once the film is thinning out. This may
be caused by the probable impact of the roughness of the gold
coating of the QCM sensing element. In the present study we
take note that the presence of Hpl& doses even smaller than
one formal monolayer (see Table 2) leads to a nonlinear change
of Cr occurring at a thickness smaller thep and will not be
pursued further in this work. However, the evaporation kinetics
of pure ice films presented in Table 2 agree perfectly with results
presented in ref 23.
We have extrapolated the diffusion coefficient for HNI@
ice obtained for the range 23265 K by Thibert and Doming!
D 1.37 x 1072610 cn s71 to the present range of
temperatures. This may be regarded as a lower limit for diffusion
as their work deals with single-crystal ice whereas our films
are polycrystalline. At 189 K, the extrapolated valuelbf=
2.1 x 10 cn? s results in a HNQ diffusion time across
25 % of the ice film thickness larger by at least a factor of 40
than the duration of the evaporation experiment. This essentially
excludes the possibility for HN§Imolecules to reach the surface
of the piezoelectric crystal by diffusion. Therefore, the change
in C; must be due to the change of the mechanical properties
of ice doped with HN@ and most probably not due to the
presence of HN@on the gold coated sensor surface. Whatever
the reason, it was not the aim of this work to elucidate the
reasons for the mismatch betweiﬁf”' andJey evaluated from
the gas-phase #@ concentration monitored avz = 18. We
claim that QCM data are trustworthy fron¥ttgy, = 0 to point
D in Figure 4 such that the QCM signal may be used to obtain
the mass or thickness of the pure ice film not affected by the
presence of HN@as well as the remaining volume of ice whose
kinetics of HO evaporation is subsequently affected by the
presence of HN@ This pure ice thickness is denoteddzsin
Figure 4.
From point D onward the rate of change of the ice thickness
corresponding to the evaporative flux of®ifrom ice,Jey, may
be evaluated from the MS signal intensityrafz = 18 and is
called 312 First, we have established the ratigy.,, between
QM and the analogous fluxi> at the begining of the
QM pertains to pure ice an@; is constant
during the period of pure ice evaporation forty we may
express gy as follows:

ev

15 _ s

CM = ocm (2)
Q JS\E:M

This definition implies thatgg,, is a constant betweetg,
andtp as bothI?™ andl,g track each other and reflect the true
evaporative flux of HO from pure ice up to point D.

Starting attqy, we have calculated the true evaporative flux
Ji8 from 144 for thicknesses lower thatkycm(ta,n) Using eq 3:

18 |18
ev ™ 18
Focm

J @)

The resulting signal is represented in Figure 4 by synibol
and is significantly different fromd3~" labeled by symboD
fort > tp.
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TABLE 2: Representative Experimental Results for the Kinetics of HO Evaporation of Ice Generated from Vapor-Phase

Condensation at 190 K in the Presence of HN@®for Three Temperature Ranges and Different Deposition Conditions, Where
the Symbols of the Third Column Refer to the Corresponding Figures Listed in the Second Column as Well as to the
Corresponding Numbers Used in Figures 1+14.

RHN03 d r?é:M ‘]gv sz
Trange symbol T [molecules taep  Nio, NARO, [Acm?s  dp [molecules [molecules
K] figure andno. [K] s [s] [molecule} [molecule} molecule] [A] cm2s? cm2s?y b
189-195,rangel 7 192 pure ice 9411027 853 4.0x 1016
O1 191 79x10? 16 15x 104 3.2x10% 9.0x 10?7 1626 3.8x 10 1.7x 10 22.3
A2 190 2.0x 108 22 4.7x10% 4.4x10% 23x10% 1270 3.0x 10 9.7x 10“ 30.9
O3 193 21x10® 42 94x 104 14x10° 16x 102 2826 4.8x 10 1.9x 105 253
v 4 191 29x 108 80 2.2x10% 22x10® 15x102% 6970 4.0x 10 7.1x 10" 56
®5 195 3.1x 102 17 40x 108 26x10% 29x 102 2190 5.0x 10 3.0x 10 16.7
® 193 44 2.9x 10“ 3.0x 10°% 3058 4.9x 10'¢ 2.3x 10" 21.3
x6 189 1.9x10® 51 95x 104 22x10° 23x102 3458 24x10% 1.9x 10" 12.6
7 189 3.1x 108 75 2.4x 10 2426
&8 189 22x 108 74 1.7x 10 1.8x 10 25x 102 3089 2.2x 10 1.6x 10 13.7
179-185,range2 fig.8 A1l 181 1.8x 108 32 59x10% 3.3x10“ 29x102 4524 7.0 10® 1.0x10® 7.0
@12 180 55x 102 44 24x10% 33x10% 52x10% 4786 6.0x 10" 9.3x10% 6.4
013 184 1.7x10® 32 54x10“ 55x 104 28x102 3709 9.0x 10 1.2x10® 7.5
®14 180 1.4x10%® 30 4.3x10% 25x 1072 3255 4.8x 10" 1.8x10®% 27
®15 185 1.9x 102 64 1.2x10° 1.8x10% 3.2x10% 5103 1.2x10% 3.6x 10“ 33.3
x16 181 1.6x 108 23 3.6x 10% 3.1x 1072 4787 4.0x 10" 1.1x10® 3.6
017 179 1.4x 102 31 49x10“ 6.0x 104 19x10% 3568 6.0x 10 4.0x 10“ 15.0
&18 185 2.1x 108 60 1.4x10% 1.9x10"® 25x10% 1984 1.2x 10 3.6x10“ 33.3
205-208,range 3 fig.9 @®21 207 3.0x10® 60 1.8x 10'° 40x 102 3709 2.2x10Y 3.4x10% 64.7
205 pure ice 3.4 10°% 864 2.0x 10
022 207 56x102 66 4.1x 104 8.4x10% 25x 102 2000 3.0x 107 5.0x 10 60.0
®23 208 6.2x 102 60 3.2x10% 1.7x10% 23x10% 1196 3.2x10Y 5.6x10° 57.1
aExplained in Appendix A.
BecauseJSvCM does not correspond to the true evaporation h.!‘ﬁf'ﬁ"."f".".'.ﬁ TN
rate fort > tp, the calculated thickness of the film present on s 0.1
the crystal sensor and monitored by the QCM signal is s ok
erroneous. Knowledge of the remaining number ofOH ; - ¢
molecules at any given instant may be obtained from the {7 A ‘
thickness of the film given by the QCM dt= tgy, = 0 or 2 1§ e , m
docm(tayr), and fromJ2 as a function of time as described in £ | o : oo £
the following. Fi7d 8 TR T
In Figure 4, symboh represents the integral amount of = ] N o
molecules per chat timet that have desorbed from the ice i § PN P
substrate betweety,, and t. This signal, namely In&d), 1 L 8
corresponds to the time integral aéf expressed in eq 4: T ol : e boeoobonai0001
LN BN BRI N RLELE-) ) BLELELELE SR I L I
. ¢ g 0 so 100 156 300 250 300™ 350
Int(Ie)(®) = f,, Jeult) dit (4) Time s

The absolute number of & molecules that are present on
the crystal sensor of the QCMl,0, at timet may be calculated
using eq 5:

Nit,o(t) = Ny oftayn) — INt0)(®) X Agen

= docp(tyyn) x 3.11x 10" x Aggy, — INt(IE(M) x
Agem (9)

where Ny,o(tayn) is the number of molecules present on the
sensor at = tgyn When the system is set from static to dynamic
flow conditions,Aqcm = 0.5 cn? is the effective surface of the
QCM sensing element anthcm(tayn) the true thickness given
at tayn by the QCM taking into account the calibration factor
Ci=17.8.

The calculated absolute number o molecules present
on the QCM during evaporatioNu,ot), is represented in Figure
5 by symbol® and the thicknesslocm(t), given by the QCM
is labeled by symboD, the different scales notwithstanding.
As expected, the signat andO track each other frortyy, up
totp = 160 s, corresponding to point D in Figure 4 and thickness
dp.

Figure 5. Profile of the evolution of the average mole fraction of HNO
at 189 K, yunos, in the ice film treated in Figure 4 during water
evaporation: @) thickness given by the QCMiqcwm(t); (®) true number
of H,O molecules on the QCM calculated using eq 8) (esulting
xHnog(t) under the assumption of constaMino, (Nno HNO; evaporation
observable) and uniform [HN¢pthroughout the whole ice film.

There is no release of HNrior to the point labeled Kat
tup as displayed in Figure 4. Indeed, in all the experiments
presented in this work HN@always evaporates at the end of
ice film sublimation. This preferential desorption of,®
molecules under conditions of,B undersaturation and in the
presence of HN@has been observed befdf&'® As a conse-
quence, the number of HNOmolecules present on the ice
substrateNuno,(t) may be considered to be constant ugHio
the point of appearance of HN@esorption monitored atvz
= 30.

Although we know that HN®is not of uniform concentration
in the ice film the average value gfino, may be regarded as
a useful measure of the amount of adsorbed HNQview of
the changing amount of 4 owing to evaporation. The present
experiments were not designed to provide information on the
concentration profile of HN@ which would be required to
obtain a depth-resolved value gfino(t).
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Lo : : —— L Jev at the beginning of the evaporation of the ice filmtg

- r(-;_._,o_ R . has been reported on the left axis labeled “b” in Figure 6. In
. it addition, the right axis labeled “e” stands for the valuelgf

T toward the end of the evaporation after the desorption of most
10/ s 10° of the adsorbed HN@) that is attye corresponding to point &

in Figure 4.
The value ofng = 2.2 x 10'® molecules cm? s™* at tayn
whenyuno, is the smallest, that is approximately 851074,
is in perfect agreement with previously published data for pure
2 ice23 It tends to confirm that small amounts of HNO
tty corresponding tguno, < 8.5 x 10#in this example, do not
Lo L 1o affect the kinetics of b evaporation from icé343This is true
o501 2 304 s s s B only for the begining of the evaporation process because the
impact of HNG doping onJe, becomes increasingly significant
asynno, increases as displayed in Figure 6. According to Figure
6, a decrease of a factor of 2 Jg, already occurs foguno, =

S
=ty

T
=

TR BB |

L |

T
I
T

2 -
& Joy [molec em™ s b

Xnwo,

Figure 6. Dependence of the evaporative flux of® Jev, ON yHnos,
for the sample used in Figures 4 and Figure 5 for the time integval

to tup. The initial value ofyuno, at tayn = O was 8.5x 1074 The 5.6 x 1073, which corresponds to a remaining ice film thickness
significance of the axes with the second label “b” and “e” is explained Of 193 nm. Figure 6 displayde, in the time sparip to typ
in the text. corresponding to the displayed variationyigno,. The depen-

) ) dence ofJey from tgyn = O at yuno, = 8.5 x 1074 to tp
We have calculated the average mole fraction of HNO corresponding to the first point in Figure 6 is not explicitly

ice as a function of timeyunoy(t), up to tuy Which implies shown even though it covers a substantial mass fraction of the
uniform concentration of HN®throughout the remaining ice  fjjm eyaporation. However, in this work we intend to focus on
film. By definition the time domain wherguno, changes most, that is betweggn
N, () and . . o
o () = HNO,\ Ly ©6) During H,O evaporation from HN@contaminated iceley
O Ny o®) + Nuwo (teyr) steadily decreases down to the value reported on the axis labeled
: : “e”. This continuous decrease &, with the increase ofwno,
with Ny the total number of molecules of speciem the film. has already been reported in ref 22 for the cases of HCl and
In the present worlkNuno, is always smaller than & 10 15 HBr doping. We have chosen to displal, the smallest
molecules for all experiments we have performed. Consequently,evaporative flux of HO from ice based ofys just before the
xHnos Was calculated using the simplified eq 7 becaNigg > end of the observable evaporation of H)\#t corresponding
Nhno, for d > 50 nm: to point H in Figure 4. Indeed, in most of the experiments
reported in the present worlg, varies at a slower rate from
Niino, (tayn) thp to the compared to the initial rate as displayed in Figure 5
Xuno,() = N (symbol®). As will be discussed below we attribute this more
H0 slowly varying portion ofJe(t) displayed in Figure 5 to the
Niino,(tayn) decomposition of NAT betweety, andtye. To quantitatively
3 . .
= 2 T express the impact of the presence of HN ice we have
docullayn) X 311x 10 x Agey - INt(I)() x Aocz/l7 taken the ratialZ, to J¢, namelyr®, as follows:
The resulting average mole fraction as a function of time, pble — ‘]_2\/ @8)
xunos(t) for the experiment presented in Figure 4 is displayed ng

in Figure 5 using thez symbol. One must note thatino,(t) is
only strictly valid for the rangégy, = 0 to ty, = 192 s as . . .
specified in Figures 4 and 5, the latter of which corresponds to hTh'S rﬁt'o bracketg]ev between a maX|mum.v.aIue, narlnely
the time where HN@desorption starts to be observable using &t of the evaporation of pure icé,, and a minimum value
MS. Indeed, we have considerédino, as constant for the  Jev that is characteristic ofe, of HO at the end of NAT

calculation of the average mole fraction of HN@uno,, in the decomposition obtained when the HMJIS signal decreases

evaporating ice film. to the background level after desorption and serves as a rough
The main goal of the present work is to investigate the 9uide for the impact of HN@on Jev. )

dependence of the evaporative fli of HO on the average For th_e experiment presented in Figure 6 the valug’®is

value ofyino,(t). We have therefore exchanged the time against 13.7 which illustrates the extept of the decreasg]eobf H>0

the y1no, Scale for evaporative flux dath,. From now onJe due to the presence of HNOn ice for the above cited protocol

will always refer toJ.5, the evaporative flux of LD from ice

evaluated using the MS signal a¥z = 18 displayed as a
function of the relative concentratigfno,-

Figure 6 displays the results oy = f(ynno,) for the Most of the existing studies dealing with the impact of HNO
experiment presented in Figures 4 and 5. It illustrates the on ice evaporative rates have been performed in terms of the
decrease 0., With increasingynno, in an ice film condensed dependence of the desorption rate g+Hbn the continuous or
at 190 K and subsequently doped with k710> molecules of timed exposure of the ice film to a certain partial pressure of
HNO; at 189 K under stirred flow conditions at a rate of %2 HNO3,*3 or in terms of the type of nitric acid hydrates or
10" molecules st before the system is set to molecular flow coating®1%44without knowledge of the quantities of HN@hat
conditions atqyn. For the purpose of clarity the initial value of ~ were adsorbed on ice as a result of HN€xposure. We are

of HNOj3; deposition.

4. Additional Results and Discussion
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Figure 7. Dependence of evaporative flud,, of H,O onyuno,, for different protocols of HN@deposition on ice in the temperature range 189
< T <195 K. Information concerning each experimental set (symbol, rate of deposition and quantity gfadbtidbed) is listed in Table 2. The
significance of axes labeled “b” and “e” is given in the text. The shaded point corresponds to the initial valuéoofa given HNQ content.
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Figure 8. Dependence of evaporative flud,, of HO onyuno,, for different protocols of HN@deposition on ice in the temperature range 179
< T <185 K. Information concerning each experimental set (symbol, rate of deposition and quantity gfadstdbed) is listed in Table 2. The
significance of axes labeled “b” and “e” is given in the text. The shaded point corresponds to the initial valuéoofa given HNQ content.

proposing in this work to examine in close detail the changes data point in each series describes the actual starting point of

of the evaporative fluxJe, of H,O during sublimation of a
HNOs/H,O ice film on the quantities of adsorbed HMNO
expressed as average mole fractieio.-

Several experiments have been performed to siugyf H,O
in the temperature range 17208 K. Selected experimental

the individual evaporation history of each HN8,0 sample.

The last plotted point corresponds to the thin evaporating film
attyp just before the onset of HNevaporation. The common
trend in the cases presented in Figure 7 is a continuous albeit
nonlinear decrease afe, starting athv and ending atJ,

results are presented in Table 2. For the sake of discussion weduring ice film evaporation regardless of the deposition condi-
have arbitrarily broken down the data into three temperature tions. In most case&y first decreases “slowly” before coming

ranges as follows: (a) range 1, 189T <195 K, data displayed
in Figure 7, (b) range 2, 179 T <185 K, data displayed in
Figure 8, and (c) range 3, 205 T <208 K, data displayed in
Figure 9.

For temperature range 1, 401013to 2.2 x 10> molecules
of HNO3; were adsorbed on an ice film in the range 189 to 195
K under stirred flow conditions at a rate of HN@eposition
between 3.1x 10% to 3.1 x 10% molecules s'. Figure 7
displays the change dk, of H,O during ice film evaporation
as a function of increasing averageo, for the different cases
presented in Table 2 under range 1. The valuesig\g(HgO)
andJ;,(H20) are plotted on the left axis labeled “b” and on the
right axis labeled “e”, respectively. The former is reported on
the graph itself at the actual initial value @fyno, and

to a “fast” decrease with increasiggno.. To identify the nature
of the adsorbed HNgon ice we have calculated the equivalent
partial pressure of HNE Puno,, required to maintain the
measured rate of HN{deposition listed in Table 2. It was
calculated using the uptake coefficienof HNOs on ice in the
range 186-211 K* and is listed in Table 3.

The main conclusion from Table 3 is that for all the cases
presented in this work the predominant HN&pecies that was
formed during deposition on ice is nitric acid trihydrate (NAT,
HNO3-3H,0) in agreement with the published HNBE,0 phase
diagram?®® This prediction is confirmed by spectroscopic studies
that have been performed using the same deposition conditions
and the FTIR window as support (3AThese FTIR spectra in
transmission shown in Figure 10 will be used as supporting

corresponds to the shaded points. Therefore, the first (shadedkvidence below. We claim that the systematic formation of nitric
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Figure 10. Typical transmission FTIR spectra recorded during
experiments to evaluate the impact of the deposition of kN®Othe
vapor pressure of #0 upon ice. The black spectrum corresponds to
pure |, ice deposited at 190 K before HN@oping. The dark gray
trace corresponds to the remainingdHand HNQ film just before the
change in HO vapor pressure occurred in the reactor at point A in
Figure 15. The light gray trace identified ASNAT appears just after

may be the key to the formation of crystalline NAT. As a case
in point, Zondlo et al. show in their study that the deposition
of HNOs on an ice film leads to an FTIR spectrum characterictic
of a supercooled ¥O/HNG; liquid at Pyno, = 5.0 x 1077 Torr.

It just so happens that the calculated rate of HNIBposition

in that work at 185 K based on the uptake coefficigrnt 0.29

of Aguzzi and Ros$F closely corresponds to experiment 15
listed in Table 2. In contrast to Zondlo et“dlwe observe the
formation of NAT that is identified using FTIR absorption to
be discussed below. The main difference between the work of
Zondlo et al. and the present one is that in the former case the
deposition of HNQ is performed under equilibrium conditions
of H,0 vapor,P{}'o, whereas the latter occurred under condi-
tions of undersaturation of 4 vapor at stirred flow, that is at
slow pumping conditions leading ;o < Pls. Moreover,
asPy,o or the relative humidity was decreased below 100% in
the study of Zondlo et al. the FTIR spectrum indicated a change
toward the formation of NAT. They claimed that this change
was due to the preferential evaporation gCHather than HN@
when the relative humidity decreased which led to an increased
concentration of HN@in the ice film and reportedly to NAT
formation. We confirm that the undersaturation isCHvapor

the sudden change in the increasing pressure which begins at pointmay be key to the crystallization of NAT during HNO

labeled A in Figure 15.

TABLE 3: Partial Pressure of HNO3; Required to Result in
the Measured Rate of HNQ deposition, Ryno,, Listed in
Column 4 and Also Given in Column 5 in Table 2

predicted

Trange expt Tie Rino, Prino, surface

K] no. [K] [moleculess!] ¢4 [Torr] specie$®
189-195 5 195 3.1x 102 0.22 1.1x 107 NAT
7 189 3.1x10¥ 0.26 9.7x 107 NAT
179-185 12 180 5.5¢ 1012 0.30 1.5x 107 NAT
18 185 2.2x 10 0.29 6.0x 107 NAT
205-208 22 207 5.6< 1012 0.11 4.1x 107 NAT
21 207 3.0x 10" 0.11 2.2x10°% NAT

acid trihydrate NAT in all experiments performed in this work
is due to the deposition of HNfunder slightly undersaturated
conditions relative to kD vapor in agreement with reported
results?®

A comparison of experiment 15 (symb@l in Figure 8)
presented in Table 2 with the work published by Zondlo ééal.

deposition. In support of these conclusions Middlebrook et al.
describe the direct nucleation of NAT for conditions of
undersaturation oPu,0.4” In addition to our observation that
the deposition of HN@ systematically leads to the formation
of NAT, we have chosen to focus the present kinetic study on
the influence of the dose and the rate of deposition of HNO
on ice as well as the temperature of deposition.

Similar to the data displayed in Figure 6 we have plotted the
values ofrP’e representing the extent of the decreasé.pfor
each experiment presented in Figures97 The resultingr®’e
are displayed in Figures 11 and 12 as a functiof®R@§o, and
of the dose of HN@ Nuno,, respectively. Although it is difficult
to duplicate both dosé\1no,, and rate of deposition of HN§
Runo,, exactly, experiments 15 and 18 performed at 185 K and
displayed in Figure 8 (symbol® and< in Table 2) may be
selected to evaluate the reproducibility of the present experi-
ments. Although both dose and rate are approximately 10%
larger in experiment 18¥) compared to 15&) the resulting
value forrejs identical to within the uncertainty limit as may
be seen in Figures 11 and 12, which thus points to a satisfactory

leads to the same conclusion that undersaturation of water vaporeproducibility.
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30 . T . T 189 K, the lower bound of range 1. Even within a given range
the increase of temperature affect8in a significant way which
] 51 r may become apparent when considering the increaséeaff
60 wtent By Lgens experiment 6 (189 K) and 3 (193 K). It seems that the details
H32er14 of the concentration dependence Jf depend in a complex

] r way on several parameters, and the effedygfand Rino, on
rb’ewould seem to be a starting point for a systematic study yet
L2ertsR 18 pents to be undertaken. Specifically, the “outlier” experiment 4 leading
] 4'7””?0294“14 r to low values ofr?’e discussed above is also the one performed

‘ at the highest value d&®yno, Suggesting an inverse dependence
e sota] 6 s of re on Runoy In fact, experiments 3, 6, 8, and 4 of range 1
_ 12 Sﬁﬂgﬁawm S T displayed in Figure 12 lead to lower valuesr®f compared to

- — the maximum for experiment 2. It is also this group of
R > T experiments that has been performed at distinctly higher values

rb/r:

40

5 o
x

20

]

5 8 2
10 10 of Runo, compared to experiments 5 and 1 to the left of the
Rinvo, [molee 1] maximum, experiment 2, small temperature differences within
Figure 11. Synopsis of the dependencerbf on the rate of deposition ~ range 1 notwithstanding. In summary, temperature undoubtedly
Reno; of HNO; for temperatures between 179 and 208 K. Dapj ( seems to be an important parameter as well Rasio,,
apply {0 189-195, (+) 179-185, and ) 205-208 K. Each pointis N0 (¢, ). and tgep or @ combination thereof. However, the

labeled with the total number of HN@nolecules deposited on the ice e
film and with a number referring to each experiment listed in Table 2. exact functional dependence Bf° on these three parameters
will have to be studied in more detail in the future.

80 L Lt e These conclusions have helped us understand the results of

Zondlo et al*® concerning the decrease of the rate of evaporation

7 W soes i of I_—|20 from ice in the presence of HN@pon o_Ieposition. T'hey

60 B oz i claimed to have measured a small decreadg;iof 40% relative

I to pure ice. Indeed, we confirmJ, value from their data that

7 B is a factor of 1.7 smaller than for pure ice at 0% relative

40 humidity. Using their conditions for deposition of HNOn ice,

2 19eH3n Ba2ens namely 1.0x 1075 Torr of HNO; at T = 192 K and dynamic

7 2004130 - r equilibrium in conjunction with the uptake coefficient obtained

20 . ) ' by Aguzzi and Roséf (y = 0.23 at 192 K) we arrive atlpno,

Qortz . B (tayn) = 2.8 x 101®> molec andRino, = 2.8 x 104 molecules

- 12 WI%”E B 4 - s~1. Owing to the trend observed in the present study where

0 ssedd 10y 14 T3erts 296413 increasing values dRqno, lead to a decrease o we would

, LR S T 7 ! expect a decrease o to a value lower than 5.6 which is
10 10 10 measured in experiment 4 displayed in Figure 11. Thus, the

Nio,(tayn) low observed value af’e= 1.7 observed by Zondlo et al. would
Figure 12. Synopsis of the dependencerdf on the adsorbed number  confirm the trend of a decrease B¢ with increasingRunos,
of HNO;z, Nunos(tayn), dispensed on ice for temperatures between 179 given the fact thaRyno, used in experiment 4 is just a factor

and 208 K. Data®) apply to 189-195, (A) 179-185, and [0) 205~ of 10 lower than in Zondlo et al. whereas®™®. is ap-
208 K. Each point is labeled with the deposition rate of HNM®lecules roximately the same in both cases. HNO,

in molecules s* on the ice film and with a number referring to each p y ) ] )
experiment listed in Table 2. In addition to these kinetic considerations we have investi-

gated the trend in the dependence of the thickness of ice affected
In search of the experimental parameters controlling the mole by the presence of HNwhich should be of prime interest in

fraction (ynno,) dependence displayed in Figures-9 the atmospheric science. We have therefore investigated the influ-
parameter®e bracketing the beginning and the end of a thin ence of botiNuno(tayn) andRuno, 0N dp defined as the thickness
film evaporation experiment has been plotted as a function of of pure ice below whictde, decreases by 15% relative to pure
the logarithm ofRio, and Nish (tayr) in Figures 11 and 12.  ice, namelye, < 0.88)y(pure ice). Values fody are given in
Because the distribution of & Values is practically identical ~ Table 2, and Figures 13 and 14 show the dependendg of
in both figures to within experimental accuracy we come to Runo, @and Nunoy(tayn), respectively.

o]

l_b/e

the conclusion thaRyno, and N,‘fﬁ,"%(tdyn) are not independent Similar to the effort of searching for the significant parameters
parameters controlling the observabtée, Both Ryno, and controllingrb discussed above we have plottidas a function
N (tay) are mterconnected by the deposition ting, of Rino; and Nunos(tayn) in Figures 13 and 14. Despite the
through Runos X tdep = HNO (tayn) or the time integral of considerable scatter in the plots the temperature seems to group
Rinos, in case it is not constant. the dp values into broad categories where high and low

To a first approximation temperature seems to be the mosttemperatures correlate with low and high values df
important Contr0|||ng parameter fob’e with which it scales in reSpecthG'y, in an inverse relatlonShlp If one takes the data of
some fashion. The” values for range 3 (205208 K) are range 1 from Table 2, or simply the two limiting experiments
approximately 60 whereas they are between 3 and 15 for range® and 4 one may be left with the suggestion that a large EINO
2 (179-185 K) with intermediate values for range 1. There are deposition rate or dose may lead to a large valueifThis
two apparent exceptions, namele values for experiments 15 ~ may point to an increasing role of HN@iffusion into ice with
and 18 as well as for experiment 4. The latter value seems tooincreasing dose or deposition rate.
low for range 1, whereas the former values pertaining to range In agreement with the observed inverse temperature relation-
2 seem too high although the temperature of 185 K is close to ship of dp the present data lead to the conclusion that the 1
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208 K. Each point is labeled with the deposition rate of HNO
molecules 5%, Ryno,, 0On the ice film and with a number referring to
each experiment listed in Table 2.

um thick HNGs-doped ice films evaporating at low temperatures
(range 2) lead to ap value of 0.40+ 0.10 um whereas the
high-temperature data (range 3) leaddto= 0.25+ 0.14um.
This then leads to the qualitative conclusion that the spatial
extent of the doped ice film whose,8 evaporation rate is up
to 15% lower than that for pure ice, is increasing with
temperature owing to the increasing role of HN@ffusion in
the ice film.

Fahey et al’ report the detection of large HN&@ontaining

Delval and Rossi

at a slightly larger value dRino,, and lower temperature (190
instead of 192 K) compared to the field experiment reported
by Fahey et al. we claim that laboratory experiment 2 displayed
in Figure 7 comes quite close to explaining the existence of
NAT-“coated” ice particles in the atmosphere. The kinetic results
suggest a significantly lower value fay, of H,O with increasing
xHnos- It Will eventually decrease to the limiting low value of
Jev in agreement witli?’e = 30.9. The decrease df, will lead

to small but persistent NAT-containing ice particles that will
rapidly grow under conditions of # supersaturation.

In addition to the study of the kinetics of evaporation oftH
from a HNG;-contaminated ice film we have performed a FTIR
spectroscopic investigation of the species that form on ice films
when the typical rate and dose for Hi@eposition presented
in Table 2 are applied. The Si window of the cryostat was used
for ice depositio? as was the directed injection of HNO

The FTIR spectrum presented in Figure 10 results from the
deposition of a 1.7«m thick ice film on the Si-window at a
rate of 1.0x 10 molecules cm? s™1 at 190 K under static
conditions. Subsequently, the system was set to stirred flow
conditions and HN@was deposited on top of the ice film by
directed injection in position Dfﬁ\,o The rate of deposition of
HNO; was 7.0 x 10 molecules st to a total number of
adsorbed HN@of 4.1 x 10Y corresponding to approximately
200 formal monolayers. The temperature of the doped ice film
was increased at a ratd 4 K min~! in this nonisothermal
experiment and the pressure in the static reactor was monitored
using the Baratron pressure gauge (Figure 1, item 12). In Figure
10, the black trace represents the FTIR spectrum recorded at
the beginning of the experiment without HNYOnN the ice film
under static conditions at 190 K. It corresponds to pure
thermodynamically stablg, ice.

The dark gray trace exhibiting a sharp peak at 1384cm
typical of metastablen-NAT corresponds to the last FTIR
spectrum recorded for HN¢2oped ice before the decrease of
Piw,0 relative to the equilibrium vapor pressupgl, over pure
ice. This will be discussed in more detail below.

Indeed, during most of the ice film evaporation with increas-
ing temperaturePy,o corresponds to the equilibrium vapor
pressure of KO, P 0 despite the large HN$dose applied.

To illustrate this pomt Figure 15 shows the chang®gf in

the reactor (light gray trace) when the temperature of the ice
film is increased. The necessary thermal transpiration corrections
of Pu,0 measured using a Baratron pressure gauge caused by
the difference in temperature between the ice sample and the
reactor wall have been applied according to reference 22. The
black ® symbol displays the values fd?; h,0 Over ice from
Marti and Mauersbergé¥.Up to 205 K at point AProin the
reactor in the presence of a HN@oped ice film is in excellent
agreement with th@eqO values of Marti and Mauersberger for
pure ice. Beyond > 205 K, Pu,0 was less tharPﬁqo

We have performed several sets of evaporatlon experiments
using the Si-window in order to check the identity of the HNO
species when deposited on the ice film. The signature of the

particles in the winter Arctic stratosphere at altitudes between deposit on the Si-window was always monitored using FTIR
16 and 21 km. On the basis of their experimental conditions of absoption spectroscopy in transmission. Using the same condi-
16—21 km altitude, HO and HNQ mixing ratios of 5 ppmv tions for ice growth and doping with HNQOas the one for
and 9 ppbv, respectively, and a temperature of 192 K and on deposition on the QCM sensor we have been able to confirm
the basis of the measured uptake coefficient for HN@ice'¢ that in all cases formation of NAT occurred when HN®as

of y = 0.23 at 192 K, we calculate an equivalent rate of deposited on ice under stirred flow conditions. The typical
deposition of HNQ, Rano,, Of 1.5 x 10" molecules st in our absorption at 1384 cmt of NAT and more generally FTIR
experimental chamber which closely corresponds to experimentspectra between 700 and 4000 dmvere in good agreement

2 in Table 2 that is labeled with tha symbol in Figure 7. with previously published spectroscopic restiit&® for NAT,
Notwithstanding the fact that experiment 2 has been performed so-calledo-NAT. Figure 10 presents a typical FTIR spectrum
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that leads to the FTIR spectra given in Figure 10. Experimental
deposition conditions are 4.2 10 17 molecules of HN@. The light

190 205
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1384 cnt? of a-NAT in order to measure the thickness of NAT
films and found ODRssdthickness= 0.728 um~1. Using this
result we have calculated the thicknessx@NAT given by the
dark gray trace displayed in Figure 10 to be 8600 A. In 1952,
LuzzatP® measured the density of NAT as 1.65 g ¢hbased

on crystallographic measurements. This value combined with
the previously calculated thickness of 8600 A gives a total
number of 5.7x 10% formula units of NAT in the examined
sample where all adsorbed HN@olecules would be implied

in NAT formation as observed by the FTIR spectrum. This value
is larger by approximately 20% than the one we obtained using
the standard method for the determination of the number of
HNO; molecules deposited onto ice, namely 4x1 10
molecules, given previously. Using data for purefage have
calculated that the dark gray spectrum representing Hiiped

ice (0-NAT) in Figure 10 corresponds to 3:3 10*® molecules

of H,O if we use the optical density of 1.4 units at the peak of
the O—H stretch of HO in a-NAT of 3236 cntl. This leads

to yrno, = 0.17 which seems to be required to induce a phase

gray trace corresponding to the measured pressure in the reactor followschange in going from a HNgH,O mixture toward NAT

the ® symbol representing; on pure ice of Marti and Mauers-

bergef” up to point A. The plzateau in the pressure observed between

points A and B corresponds to the conversionwofo 5-NAT as shown
in Figure 10.

including its associated change I%j,qo from point A to higher
temperatures (Figure 15). This last result is of importance
because in the case of Figure 10 HN©®far more concentrated
compared to all other experiments presented in this study.

that perfectly agrees with the literature spectra but was recordedConversely, this also means thBf; of pure ice may be

in the final stage of evaporation of a HN@oped ice film where
Jev Was low.

In Figure 10, the black trace corresponds to the FTIR
spectrum of the pure ice film before doping with HRO

observed in the chamber roughly to pomt A of Figure 15 before
an incipient phase change from to 5-NAT.

In summary, owing to the sets of experiments presented in
this work, it appears that the used deposition conditions of FINO

Subsequently, the film is doped with roughly 200 monolayers onto pure ice, namely the rate of depositi&uno,, and the

of HNOs at a rate of 7.0« 10 molecules st at 190 K and the

dep

number of HNQ molecules depositedNyo,, control the time

temperature is increased under static conditions as explameoblependence of the evaporative flux ojGHJe\,, from the doped

previously. First, the FTIR spectrum of the doped ice exhibits
the characteristic band of absorptionoreNAT (dark gray trace

ice film. As was the case for the presence of HCI onfoare
are able to distinguish three different kinds of@3imolecules

in Figure 10). The decrease of the absorbance in the OH-stretchin the doped ice film. First, right after the end of the doping

region (3236 cm?) is mainly due to the decrease of the
thickness of the doped ice film in order to malntﬁiﬁ‘o in the

process a certain number ob® molecules, corresponding to
the thicknesslp of the ice film, evaporate at a rate characteristic

static reactor when the temperature increases. When the ice filmof pure ice and are apparently not influenced by the presence

containing 200 monolayers of HN@eached the temperature

of HNOjs. Second, remaining # molecules are “trapped” in

of 205 K at point A in Figure 15 the pressure increase was the ice film and lead to an evaporative fluk, that continuously

halted with increasing temperature of the film up to point B at

decreases as the number of(Hmolecules in the ice film

210 K before increasing again. The light gray trace in Figure decreases, concomitantly with increasipgo,. The evaporation

10 showing 3 peaks at 1380, 1331, and 1202 kris
representative of the FTIR spectrum®BNAT just after point

of all these remaining O molecules is influenced by the
presence of HNg) even if they are not directly involved in the

Ain Figure 15 was reached. This spectrum has been attributeda-NAT structure that is revealed by FTIR spectroscopy. Of

to other species of NAT in previous studf@sThe conversion
of crystalline NAT from the metastabte- to the stablgs-form

utmost importance, the evaporation/condensation of most of
these “trapped” KO molecules of c-ice leads to an equilibrium

may be responsible for the change of the FTIR spectrum during vapor pressure in the presence of a HNI@ped ice film that

the temperature increase as identified in previous std@fS$?
This observation may be correlated with the data of Koéhler
who also report a rapid conversion fram to 5-NAT during

is that of pure ice. This result implies that the rate of
condensation of kD onto the doped ice film should decrease
to the same extent ak, in order to achieve thermochemical

TPD experiments, albeit at lower temperatures. It seems thatclosure. Finally, agnno, increases to values higher than 0.17

under our experimental conditions the metastabIBAT is
formed with increasing total pressu@jo before reaching
point A in Figure 15, whereas the conversion fremto the
stable-NAT takes place just after point A on the flat portion
of the Pi, curve.

+ 0.09, we have observed that the equilibrium vapor pressure
of H,O over the doped ice film no longer is that of pure ice but
leads to a lower value (starting at point B in Figure 15).

In light of recent airborne measurements of water vapor
together with HN@, both in natural cirrus as well as aviation

Using the parameters given in Table 1 for the optical cryostat contrails in the upper troposphere, Gao etéatame to the

such as the surface of the silicon window of 0.7&ctfne optical

density of ice of 1.08 corresponding to a thickness of 10000 A,

and data published by Middlebrook et®alon the ability for
HNO;s inclusions to inhibit ice evaporation, we have calculated
the average mole fractioguno, at point A in Figure 15.

conclusion that a new ice particle, so-callkdce was respon-
sible for relative humidities in the neighborhood of 135% below
202 K. Unfortunately, the superb field observations of in situ
detection of both gas phase and condensed phase kig€ther
with vapor phase kD expressed as relative humidities were

Middlebrook et al. have calibrated the optical density, OD, at interpreted by invoking the breakdown of microscopic revers-
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Figure 16. Scenario of the change of the evaporative flig, of H,O

with the average mole fractioguno,. The light gray area corresponds

to the presence of “free” water molecules that are predominant at the
beginning of the ice film evaporation and leadJt of pure ice. The

full black circles represent the NAT “clusters” forming after deposition
of HNO; onto ice that are influencing the evaporative flux of the c-ice
water molecules represented by the dark gray circles. From top to
bottom of the drawing/nno, increases whereak, decreases.

ibility. They assumed that for H,O condensation decreased
but that in turnJey was unchanged in going from pure ice to
ice doped with a fraction of a monolayer of HNY@ order to
explain an increased equilibrium vapor pressure in agreemen
with the measured #0 supersaturation. This diodelike behavior
of the ice substrate has been shown to lead to a perpetuu
mobile of the second kinét In the following, we would like to
show that the field data of Gao et™8lmay be interpreted using
the results of this study in terms of a slow approach to the known
equilibrium vapor pressur@ﬁ,‘lo that may occur on a time
scale of several tens of minutes which may exceed the time
scale of the field observation.

The dependence Gy 0N ynno, in the high-temperature range
205-208 K (range 3) presented in Figure 9 displays at most a
decrease ade, by a factor of 2 when considering the difference
between pure ice and the last displayed value that correspond
to pointty, in the evaporation-time history of Figure 4. It is
important to recall that the measured vapor pressure in this rang
corresponds to that of pure icBy},, despite the decrease of
Jev. This puts a powerful thermodzynamic constraint on the rate
of condensationkeong Or v, which has been experimentally
verified 23 In contrast,Je, for the low (range 2, Figure 8) and

intermediate (range 1, Figure 7) temperature range which both

satisfy T < 200 K shows a much larger relative decrease as a
function of yuno, With respect to pure ice of up to a factor of

7 as exemplified by data series 1 Bt= 191 K in Table 2,
which is displayed in Figure 7.

One type of HO present in an ice film containing a small
amount of HNQ corresponds to free ice evaporating first at
Jev Characteristic of pure ice of thickneds from this part of
the thin film not affected by the presence of HN@nd
corresponds to the initial part of the evaporation-time history
of thin film ice as displayed in Figure 4 frotn= 0 tot = 160
s. The second is called complexed water ice (c-ice) and is
characterized by decreasidg, values andP;,, the value of
pure ice afT. Figure 16 presents a qualitatlzve scenario of the
temporal change of the predominant(H molecules that
evaporate. We use a kinetic parametdg,)(in order to

e

Delval and Rossi

in Figures 7 and 8. It corresponds to a smooth transition between
free ice and c-ice which most likely indicates the presence of
an amorphous mixture between® and HNQ rather than a
stoichiometric phase such as or S-NAT. The reason for
refraining to plot further values odey at higheryuno, or at
evaporation times exceedinty, lies in the simultaneous
evaporation of both HN@and HO which renders the evaluation

of X HNO3 difficult.

We make the assumption that the present data on ice films
may be transferred to the evaporation history of ice particles at
temperatures that overlap with Gao et@lt is clear from the
foregoing that c-ice is observable &t< 200 K and that the
condensation rate constatng or y for H,O vapor decreases
to the same extent dg, displayed in Figures 7, 8, and 9 owing
to the constant value Py, up to tu, the last data point
corresponding to the highest value gfino,. We will now
estimate the first-order rate constdgs,g for condensation of
H»O for the conditions of the field observations of Gao et al.
assuming that the significantly higher rh values are a remnant
of previous higher temperatures in the sampled air mass and
that Py, is relaxing to its equilibrium value with a character-
istic refaxation time K.one The present results enable one to
obtain a quantitative answer in termsl@fnqas a function ofl
and surface area density (SAD) of atmospheric ice. Using typical
SAD values of natural cirrus clouds ranging from?16 10*

m#cm?® corresponding to 1€ to 10 cn?/em?® as given by

Gao et al. and a typical spread jnfor H,O of y = 1072 to

ml(T3 at 200 K from this work and Delval et &:23we arrive at

a value ofkgongin the range 1. 104to 1.2 x 1072 s 1 using
Keonda = y(c/4)SAD, wherec = 485 m s! is the average
molecular speed of ¥ at 200 K. The relaxation time spans a
range from 23 h to 1.4 min using both the spread in SAD and
y values, noting in passing that mass transport considerations
are probably not of importance here owing to the small ice
particle sizes and the magnitudejofConsidering the fact that
three to five relaxation periods are needed in order to effectively
establish HO vapor equilibrium we come to the conclusion that
he field observations of Gao et al. may have been influenced
y long HO vapor relaxation times and that there may be no
need to invoke a new phase of ice having an increased vapor
pressure relative to pure ice upon adsorption of a fractional
monolayer of HNQ. By carefully inspecting the rh values of
Gao et al. one may note the large variability of the collected
data which adds weight to the relaxation time argument as the
airborne platform samples air that is close to equilibrium to
various extents. The short relaxation times estimated in the work
of Gao et al. therefore do not seem to be consistent with the
present results.

One of the corollaries of the present work is the presence of
complexed HO on HNG;-containing ice films whose evapora-
tion rate is significantly smaller, but whose vapor pressure is
that of pure icePls. We thus arrive at the conclusion that
three distinguishaéle types of 8 are present on HN&
containing ice films under our laboratory conditions: fregH
whoselJey is that of pure ice, complexed (c)x,8 and HO over
NAT. The first two have an equilibrium #D vapor pressure
that is that of of pure icePy.
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distinguish between the two types of ice because both have the

same value oo The decrease oy of HO spans the
transition from free ice to c-ice and occurs over an average
increase ofno, ON the order of a factor of £0100 as displayed

Appendix A. Calibration of HNO 3 Dosing of the Ice Film

The first step relies on the calibration of the MS signal of
HNO; atm/z = 30 which enables a 1:1 correspondence between
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The calibration factors fom/z = 30 andnm/z = 18, namely
C5.Mo%, C5p™", CI¥" and CIY", are all determined using the
same method and are listed in Table 1.

The smallest measurable MS signal for HN&®m/z = 30 at
a signal-to-noise ratio S/& 2:1 is of the order of 8.0x 10714
A. Using the appropriate calibration factor fovz = 30, this
limit leads to the smallest measurable flow rate of %.9.0'?
molecules s! under stirred flow conditions. Under dynamic
conditions the detection limit is approximately 1010713 A
leading to the minimum measurable flow rate of 2102
molecules s?.

The second step in the evaluation of the absolute amount of
HNO; deposited on the ice substrate consists of taking the

coated calibrated volume (CV) through the dosing tube and across thedifference ofl o under stirred flow conditions, with and without

metering valve MV into the reactor.

MS intensitieslzp and the partial pressure or concentration of
HNOs in the chamber.

Under stirred flow conditions (gate valve closed, leak valve
open) the calibration ofsg is based on establishing the ratio
between the MS signal and the partial pressure of ENG\o,,

an ice film on the QCM. This difference in MS signals may be
converted into an absolute number of HN®olecules that have
been deposited onto the ice film located on the QCM quartz
sensor compared to the few HN@olecules sticking to the
quartz sensor set at 320 K (Table 1).

The glass tubing used for the directed injection of HN@s
aimed at the center of the QCM sensor and connected to the

in the upper chamber that is measured using the BaratronpoNn/OFF valve (VOO), as displayed in Figure 17, which itself

absolute pressure gauge (Figure 1, item 12). Hidé@dmitted
into the reactor through the dosing tube in positionﬁﬁg;
such that the following equalities hold for the flow of HNO

is located upstream of the micrometer dosing valve MV
(Swagelok double pattern low-pressure metering valves with
vernier handle of type SS-SS2-D-TVVH, valves denotgdid

from the reactor chamber to the MS analysis chamber at a flow v,). Figure 17 presents a schematic illustration of the injection

rate F(HNO3):
FHNOy = Mo Y hino 9
(HNOy) = =5 x kesd HNOY) ©)
= [HNO,] x V, x k.o(HNO,) (10)
= Conv x V, x Ky HNO;) x Py, (11)
— Cgaﬂow % |3O (12)

line where VOO separates the Teflon-coated calibrated volume
used as a reservoir for HNGrom MV. For a given pressure

of HNO; of approximately 2 Torr in the calibrated volume we
have systematically established the correspondence between the
aperture of MV andgzo. We subsequently have comparied
when the QCM sensor is at ambient temperature (no ice) and
in the presence of an ice film at the same experimental settings
of pressure and aperture of;\and \, of MV. Using the
appropriate calibration factor, the time integration of the
difference between boths signals enables the measurement
of the loss of gas-phase HNOwing to the deposition of HN®

where Conv is the conversion factor between the partial pressureoh the ice substrate thanks to the certainty that there is no cold

and the concentration of HNGn the chamber in molec Tort
cm3 (Table 1),Puno, the pressure of HNQin Torr, V, the
volume of the reactor in cfn and kes{HNO3), the rate of
effusion of HNQ through the calibrated leak in=5 I3
corresponds to the intensity of the MS signal falz = 30 in
A and C3,"" is the calibration factor fomyz = 30 under
stirred flow conditions in molecules s A~%. By combining
eqgs 11 and 12 and measuring bdhno, and Iz, we may
evaluateC5,"" following eq 13:

P

HNO.
C3,™" = Conv x V, x k,o(HNO,) x i :

(13)

Under dynamic conditions (gate valve op@%” is evalu-
ated using the decrease of the pressure of gEiG@he Teflon-
coated calibrated volume (CV, volum&), Puno,, Used as a
reservoir for the HN@flow into the reactor when the ON/OFF
valve, VOO, displayed in Figure 17 is opened. The cor-
respondence between the measundejno,/At and the MS
signal atm/z = 30 yieldsC3", the calibration factor fom/z =
30 under dynamic conditions in eq 14 by analogy with eq 13:

APy,
At

1
« =

dyn _
Csp = Convx V, x I

(14)

spot in the chamber other than the QCM sensor as shown in
reference 23.

Figure 3 illustrates a specific case of a HN@&position on
a 1.2um thick ice substrate afice = 189 K with apertures of
the double metering valve MV set to;\= V, = 15 units and
with Pﬂ,\,% = 2034 mTorr in the Teflon coated calibrated
volume CV under stirred flow conditions. Previously, the film
was deposited by condensation of water vapor under static
conditions at 190 K at a rate of & 107 molecules cm? s™1.
Subsequently the temperature of the film was set to the desired
value, 189 K in this example.

Att = tp = 0 s in Figure 3, VOO is opened, allowing the
effusion of HNQ from the reservoir CV across MV and the
tubing into the reactor. The gray tratg corresponds to the
case where the QCM is at 320 K (no ice) which is used as a
reference for the deposition of HN@n top of the ice film.
The black tracdsg corresponds to the identical case as above
for deposition of HNQ on the ice film betweety andte = 74
s which corresponds to the end of the dosing period when the
reactor is set to dynamic conditions and VOO is closed. Indeed,
by analogy with the case of HCI described in detail in ref 22
we have checked that the directed deposition of dopants onto
ice under stirred flow conditions leads to a residual pressure of
the doping gas that is low enough to prevent competitive
deposition from the chamber. This is all the more the case in
the present example where the system is set to molecular flow
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Figure 18. Typical MS signal atw/'z = 30 during evaporation of an
ice film from the QCM, here al = 189 K. The hatched area limited
by points A and B is proportional to the number of HN@Molecules
evaporating from the ice surface and corresponds to x1.80%
molecules of HNG.
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