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A Knudsen cell reactor equipped with FTIR reflectioabsorption spectroscopy (FTIR-RAS) has been used

to study the hydrolysis of chlorine nitrate (CIOMQon thin nitric acid trihydrate (NAT) and nitric acid
dihydrate (NAD) films. The reaction efficiencies and condensed-phase products have been measured for a
variety of water partial pressures at 185 K. The reaction efficiencies for Cidiy@rolysis on NAT and

NAD were of similar magnitude and increased from= 0.0004 toy = 0.007 as the water partial pressure

was increased from % 107%to 1.4 x 107 Torr. Although these values agree well with literature values at
90% relative humidity, significant differences are observed at lower relative humidities. Using our results at
185 K along with previous studies at 191 and 202 K, we suggest that this reaction may have a temperature
dependence that is not currently addressed in atmospheric models. In the condensed phase, we observed the
water dependence by the formation of progressively water-rich surface layers. The amount of water
incorporated onto the NAT and NAD films increased with increasing relative humidity, suggesting that £IONO
hydrolysis occurs most efficiently on a water-rich hydrate surface. For water saturation $atios.5,
nucleation and growth of crystalline ice was observed to occur in the aqueous $tiXi@ce layer on top of

the reactant NAD and NAT films.

Introduction Although the rate of reaction 1 on model PSC surfaces has

been extensively studied, there have been comparatively few

investigations of the mechanism and condensed-phase products
of this reaction*~1° In addition, previous studies relied on

Since the discovery of the Antarctic ozone hole in 1985, a
large number of measurements in the laboratory and field have
firml lish he critical role pl heterogen - o
reac)t/i oizt?r? tﬁ eecdh ;meisfrytg? th e? Iivfe?ﬁg\tggpﬁgi'?ﬁgssous indirect methods of monitoring the reactant surfaces under
reactions, occurring on the surfaces of polar stratospheric Cloudsmvestlgatlon. Considering the pronounced dependenceon H

(PSCs), convert stable chlorine reservoir species (CIOAT availability, exact characterization of the reactant surface and
HCI) int,o active chlorine which can catalytically destroy.O bulk composition for temperatures ar_1d water pressures repre-
In addition, heterogeneous reactions result in a deactivation ofiﬁgzts“{:ng{nthifl?ri/:rr:;gitgrs]phere Is crucial for a complete
nitrogen oxides via the formation of condensed-phase EINO 9 ) -
from less stable NQreservoirs (CION@ and N:Os). One The present study was undertaken to address the uncertainties

reaction that simultaneously leads to both Cl activation angd NO mentlpned above. _TO this end we have d(_aveloped a new
sequestering is the hydrolysis of CIONO technique for studying heterogeneous reactions in which a

Knudsen cell flow reactor is coupled to a surface sensitive probe

CIONO, + H,0— HOCI + HNO, 1) consisting of FTIR-RAS. This technique allows for simulta-
) ) ) neous real-time observations of the gas and condensed phases.

Reaction 1 has been extensively studied and shown to proceedy addition, this technique allows for accurate reactant film

at a wide range of efficiencies on the various cloud surfaces jgentification and characterization prior to exposure to reactant

likely to be present in the polar stratosphere. These surfacesgases_ We have studied reaction 1 @MNAT, B-NAT, and

include water ice, nitric acid trihydrate (NAT), nitric acid  NAD surfaces at 185 K and report both uptake efficiencies and

dihydrate (NAD), sulfuric acid tetrahydrate (SAT), and super- product observations as a function of relative humidity.

cooled ternary solutions of 23Qy/HNO3/H,0.5-12

Previous investigations of reaction 1 on the various PSC gxperimental Section
surfaces focused on determining the rates of loss of reactants
and formation of gas-phase products. These studies have clearly Apparatus. The reactive uptake of CIONGn a variety of
shown that reaction 1 proceeds very efficiently on wate#3dé. nitric acid hydrate surfaces was studied using a Knudsen cell
In contrast, reaction 1 has been shown to proceed somewhaflow reactor equipped with FTIR-RAS, a highly sensitive
less rapidly on the various acid hydrate surfaces likely present surface/bulk probe. The Knudsen cell reactor is very similar
in the polar stratosphere (NAT, NAD, and SAT). The reaction to those used in previous studf@€! but modified to allow for
efficiency on these hydrates also appears to be dependent orf TIR-RAS measurements of the composition of the surface
relative humidity with an increasing reaction efficiency at higher undergoing chemical reaction.
relative humiditie$:® In combination, these results have been ~ The apparatus consists of two stainless steel chambers
interpreted to suggest that the availability gi0Hon the hydrate connected by a butterfly valve as shown schematically in Figure
surface is a dominant factor in determining the rate of reaction 1. The upper chamber houses a circular metal substlate (

1 on PSC4516 9.14 cm), made of either optically flat aluminum or gold, on
which thin films representative of polar stratospheric clouds are
€ Abstract published ilAdvance ACS Abstract©ctober 1, 1997. grown by vapor deposition. The substrate is cooled on the

S1089-5639(97)01107-9 CCC: $14.00 © 1997 American Chemical Society
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Figure 1. A schematic of the Knudsen/FTIR-RAS apparatus used in

the present study. E
-0.02 3
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consists of a Kapton heater pressed between two aluminum
supports. One of these supports is always kept in contact with Figure 2. FTIR-RAS spectra of thin (A) NAD, (BB-NAT, and (C)
a liquid nitrogen reservoir. The other aluminum support serves & NAT films on an aluminum substrate at 185 K. Calculated FTIR-
both as a thermal break to minimize any temperature gradientsRAS spectra using optical constants from TS on e ate also shown

i for comparison and are designated by the * symbol.

produced by the Kapton heater and as a mount onto which the
substrate is directly attached by six evenly spaced screws. Thethe surface normal). The reflected beam was collected by an
temperature of the substrate is controlled by resistive heating.ellipsoidal mirror and focused onto a liquid nitrogen-cooled
A differentially pumped sleeve houses the entire heating/cooling HgCdTe detector. Typically, infrared spectra were collected
assembly to ensure that the only cold surface in the chamber isgver the range 4066650 cnm! at 10 s intervals and consisted
the metal substrate. of the coaddition of 64 scans at a resolution of 16-&m

The temperature of the metal substrate is measured by cop- Reactant NAD3-NAT, and a-NAT films were formed by
per—constantan thermocouples attached directly onto the surfacecodepositing CION@ and HO at 150 K and annealing the
using a thermally conductive epoxy. The surface temperature resulting films to 185 K at a rate of 10 K mi& In the presence
is also indirectly measured by determining the frost point vapor of condensed-phase,& from codeposition, CION®rapidly
pressure of KO over a pure ice film as described by Middle- converts to HNG@. Thus, this technique is very similar to
brook et a?? When no net loss or growth of the ice film is  codeposition of HN@ and HO. Indeed, the reflection
observed in the FTIR-RAS spectra, the correspondig par- absorption spectra of the resulting films at 150 K were identical
tial pressure is used as the ice frost point. The thermocouplewith previously reported spectra of amorphous films ofH
measurements always agreed witBiK of thefrost point temp- HNO; ranging from 2:1 to 4:1 in compositici#?* Crystal-
erature determined in this method. Our cryostat configuration lization to NAT and NAD was observed to occur at temperatures
allows for accurate temperature control over the range/90 between 170 and 185 KB-NAT and NAD films were also
K with a stability of+0.1 K. The temperature gradient across prepared directly by codeposition of CION@nd HO at 185
the metal substrate is 0-8.5 K at 185 K as measured by the K. In this method, the infrared spectra indicated that codepo-
five thermocouples. The center of the substrate is the coldestsition initially resulted in supercooled liquids containing both
location with slightly warmer temperatures toward the edge. HNO; and HO which, upon pumping, rapidlyt (< 2 min)

The lower chamber is coupled to a differentially pumped crystallized tos-NAT or NAD. For both methods NAD was
electron-impact ionization mass spectrometer, an ionization formed by the crystallization of2:1 H,0:HNOs; amorphous
gauge, and a Baratron capacitance manometer to measure gasims, while NAT resulted from the crystallization ef3:1 H,0:
phase partial pressures. Gases are introduced into the loweHNO; mixtures.
chamber via two precision leak valves and escape effusively Identification of the NAT and NAD films was made by
through a small diameter hole upstream of the turbomolecular comparison with previously reported infrared spe@fdand
pump. The ionization gauges were routinely calibrated to the by calculations discussed below using infrared optical constants
Baratron capacitance manometer. from Toon et af®> Figure 2 shows typical FTIR-RAS spectra

FTIR -RAS Measurements of Condensed PhaséAs shown of the thin NAD and NAT films used in the present study. The
schematically in Figure 1, characterization of reactant films and FTIR-RAS spectra shown in Figure 2 are very similar to
detection of condensed-phased products were performed in situransmission spectra reported in the literature; however, slight
by reflection—absorption infrared spectroscopy at grazing shifts in the peak positions and changes in relative intensities
angles. FTIR-RAS has been used in previous surface studiesare noticeablé3-24
of heterogeneous atmospheric chemistry and shown to provide To further characterize our obtained FTIR-RAS spectra, we
a sensitive means for detecting condensed-phase species sudmave calculated FTIR-RAS spectra for the thin nitric acid hydrate
as CIONQ and H0.2 Briefly, infrared radiation from a films using infrared optical constants from Toon efahnd
Nicolet 550 Magna FTIR spectrometer (silicon carbide source) the equations given by Greer&to describe infrared spectra
was passed through a Molectron wire-grid polarizer to select obtained from grazing angle reflection off a metal surface.
only light polarized parallel to the plane of incidence. The Figure 2 shows the calculated spectra (indicated by *) of 10
infrared beam was then focused by a parabolic mirror onto the nm thick NAD and NAT films under the conditions of our
metal substrate at near grazing angles of incider@&{ from experiment, i.e., light incident 84rom surface normal and films



Hydrolysis of CIONQ on PSCs J. Phys. Chem. A, Vol. 101, No. 46, 1998645

grown on an aluminum substrate. As shown in Figure 2, it is (An) and chamber pressur®)(by the following relationship:
clear that our observed NAT and NAD spectra are generally in

good agreement with the calculated spectra. The most pro- F= (PAh)/(ank'I')O'5 ()
nounced difference between calculated and observed spectra is

the appearance of a peak at 1130 érm our experimental The slope of a plot of molecular flow rate versus chamber
o-NAT and NAD spectra. The absorption at 1130 ¢nhas pressure yielded an effective hole areadgf= 0.17 cn®. This
been previously reported in the infrared spectra of a stream of value was independent of the calibration gas usedofi\He).
o-NAT aerosol formed af = 155 K27 Although Richwine et As expected, the effective hole area is slightly less than the
al. attribute the appearance of the 1130 ~énfeature to geometric area of the hole (0.196 §m

differences in aerosol and thin-film NAT lattice structures, the  To obtain reaction efficiencies, the following methodology
spectra obtained in the present study and results of Tisdale etwas used. Initially, CION@is flowed into the lower chamber.
al28 suggest the 1130 crh absorption is related to crystalliza- The only loss mechanism under these conditions is effusion
tion of a-NAT and NAD at low temperatures. Indeed, to avoid through the 0.17 cihole. Hence, the steady-state concentration
the contamination of oua-NAT films with S-NAT, a-NAT of CIONGO; is given by

films were always formed at lower temperaturés<( 180 K).

The peak positions of the FTIR-RAS spectra of NAT and NAD {CIONO,} 45, = F/(K,V1) (D)
films also agree with those reported in previous FTIR-RAS

experiments; however, the observed relative peak intensitieswhereF is the flow of CIONQ into the chamber (molecules
differ considerabl\?® These differences may be a result of %), kn (s7%) is the first-order lost rate via effusion, aiM is
different film preparation methods used in the present study or the volume of the lower chamber. Under molecular flow
differences in the extent of polycrystallinity of the films conditions, the first-order effusive loss rate of CION@n be

investigated. expressed as
While the FTIR-RAS technique yields accurate information _
on composition and phase, exact characterization of film Ky = (CAY/(4V) (1)

thickness is not possible with FTIR-RAS alone. Film thick-
nesses were thus estimated from deposition rates assuming th

the crystal lattice spacing and thickness of NAT and NAD are the flow of CIONG; is exposed to the reactant surface which

similar to that of hexagonal 40 ice (10° sites cm?and 7 A can also act as a loss mechanism for CIQN®@he new steady-
per bilayer§? and that deposition rates were constant across the . . o 0y
state concentration of CIONQs given by a similar equation

entire substrate surface. From this we estimate our reactantt -
films were in the rangex5—50 nm thick. The integrated o (I:
absorbance of the OH and nitrate bands of our NAT and NAD _

CIONO = F/((k, + K)V. v
spectra varied linearly with film thickness over the range of { 2}ss2 (e + V) (V)

those used in this study. _ whereks is the first-order loss rate due to reaction with the
The FTIR-RAS spectra of our thjf-NAT and NAD reactant  syrface and/ is the combined volumes of the upper and lower

films were observed to be constant for long periods of time at chambers. The first-order losses to the surface and through the
185 K. In contrasta-NAT reactant films were observed to escape hole are given by the fo”owing expressions:

slowly convert tg3-NAT at 185 K. Therefore, all kinetic studies

vr/herec is the average molecular velocity. Upon opening the
z"butterfly valve which separates the upper and lower chambers,

of a-NAT surfaces at 185 K were compromised by the slow kK, = (CA)/(4V,) V)
buildup of 3-NAT during exposure to CION®
Determination of Reaction Efficiency. The reaction ef- k= 7(CAI(4V,) (V1)

ficiency, y, is defined as the fraction of molecular collisions

with a surface that leads to reactive loss. The reaction efficiency wherey is the reaction efficiency ané is the area of the thin-

of CIONO; on various nitric acid hydrate surfaces was film surface undergoing reaction. The ratio of the steady-state
determined by measuring the first-order loss rate resulting from concentrations before and after exposure to the reactant surface
uptake to the surface relative to its loss rate via effusion through can be related to the reaction efficiency by

the pump-out hole. The loss rate via effusion can be calculated

for conditions of molecular flow; hence, absolute reaction [CION02]551_ (ky + ks)VZ_Ah+ 7A (VN
efficiencies were obtained. [CIONO,l,  (k)V: A,
The rate of gaseous effusion out of the chamber for a known
pressure of gas can be accurately calculated with knowledge ofSolving for y yields
the gas pressure and effective hole area. However, because the
hole is actually a cylinder rather than a perfect disk, the effective _ A[[CIONO,] 45, — [CIONO,] _ Anflo— | Vil
area is slightly smaller than the geometric area of the hole. The V= A: [CIONO,],, o A_*s I (Vi
effective area of the hole was calibrated by measuring the
chamber pressures for given flows of And He? Flows of Thus, the reaction efficiency can be easily calculated by

(10_20) x 108 molecules s! were introduced to the chamber measuring the mass Spectrometer signa|s of C|@b&ﬁ)re (0)

from a fixed volume reservoir while monitoring total pressure gnd after 0 exposing the gas to the reaction surface and

of the chamber, (£50) x 10°* Torr. The flows into the  assuming the mass spectrometer signal varies linearly with

chamber were quantified by measuring the decrease in fixed concentration.

volume line pressure as a function of time resulting from flow  The range of reaction efficiencies that can be measured by

into the reaction chamber. The decrease in line pressure wasour present design is determined by the ratio of the areas of the

monitored using differential pressure transducer calibrated to sybstrate surface to the escape hole. The upper limit of reaction

an absolute scale with a Baratron capacitance manometer.  efficiencies measurable by the current dimensions of our
The flow (F) of molecules into the chamber under conditions Knudsen cell reactor was determined by measuring the uptake

of molecular flow can be directly related to the area of the hole of H,O on ice at 120 K where it is known that water has a
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sticking coefficient of unityy! Water deposition experiments

at 120 K yielded an upper limit gf = 0.02. The lower limit 0418_5
of y <0.0002 is determined by the uncertainty involved with ;
subtracting off background loss of CION®@ the reactor walls. 016

Thus, we conclude that the present configuration allows for
accurate measurement of reaction efficiencies in the range (2
200) x 1074
Reagents CIONO, was synthesized by reacting® with
Cl,O as described by Davidson et38l.The CIONG sample
was purified via three vacuum distillations and further purified
by pumping directly on the sample to remove more volatile
impurities. The purity of the sample was checked by ultraviolet
absorption and shown to have small impurities of Gt10%) ]
and ChO (<1%). When not in use, the CIONGample was 0043
stored in the dark at 195 K. 4@ (>99.9%) was purified via ]
several freezepump-thaw cycles before use. 0021 A h
CIONO, was introduced to the reactor by flowing vapor off 000 . j
a bulk sample held at 225 K through a 12 in. glass tube and 3
leak valve into the chamber. CION@nd HO were flowed 4000 3000 2000 1000
through separate leak valves to prevent the occurrence of Wavenumbers (cm-1)
heterogeneous conversion of CIONO HNOs;. The tube and
leak valve were baked frequently to eliminate arsdtbr HNO; Figure 3. FTIR-RAS spectra of thin CIONDand HO films at 110
in the lines. K: (A) “pure” CIONO- and (B) CIONQ and HO (1 to 10 mole ratio).
In the present study CIONGwvas monitored in the chamber . . . e .
using mass spectrometry at mass/charge peaks 30, 35, 37, angf HN(93 impurity. We estimate the extent .O.f this impurity to
46. Monitoring parent masses 97 and 99 was not possible due e <5% of the film from separate HN{Heposition experiments

. : . : t 110 K. The source of this slight HN@mpurity was likely
to fragmentation produced in our high-energy electron-impact a - 4
ionization source. The mass spectrometer sigmaiz 0, 35, due FO the reaction of CIONQ’\.”th condensed kO on the
37, and 46) arising from CIONOwere linear with respect to alummum_surface at 110 Kor withZ® on the walls of the gas
CIONO; pressure as measured by a Baratron capacitancehand“ng Ilnes._ To investigate the source of the HN®our
manometer and calibrated ionization gauge over the range ofSyStem, gas mixures of CION@nd HO were exposed to the

pressures used,{4.00) x 1077 Torr. Thus, eq VIIl was used alumfl_nutm sulrfg(;e itl(l)lKo K.d !n tlh(tesg fexpetr;]m?nts, thﬁ surgace
without any corrections to convert mass spectrometer signalsWas Irst cooled to and isolated from the lower chamber.

into relative CIONQ concentrations. Difficulties arising from {\IeXt’th?’\rllQ an?l Hzr? werte mtrzduced |_ntto the :gwer cggmger
the lack of any CIONQ@ parent peaks are described in the 0 establish a well-characterized gas mixture. Figure Sb Shows

Discussion section. ¥ was monitored using mass peakz the spectrum obtained upon dosing the surface with a gas

aa - ) ; mixture of 10:1 HO:CIONGO, ({H-0} = 7 x 1078 Torr and
18 in combination with the Baratron capacitance manometer. {CIONO;} = 7 x 107 Torr) for ~60's. The spectrum shown

in Figure 3B is clearly different than that obtained from depo-
sition of CIONQ alone (Figure 3A). As expected, the amorph-

CIONO; Deposition on Aluminum at 110 K. To further ous HO absorption features centeredr#370 and 850 cmt
check the purity of our CION@source as well as to ensure are now the most intense absorptions in the spectrum due to
that heterogeneous decomposition was not occurring in our inletthe excess of water vapor exposed to the cold substrate from
lines, solid films of CIONQ were grown on the aluminum  our gas mixture. Slight absorptions in all the CIONOnda-
substrate at 110 K. Figure 3A shows the spectrum obtained mental modes at 1696, 1293, 830, and 780tare noticeable.
upon exposing the cold substrate toc510- Torr of CIONG; The appearance of several major new absorption features at 1450
for ~60 s. The base pressure of®lin our chamber<£5 x and 1310 cm! (NO3™) and 1660 cm? (HzO™) are also apparent.
108 Torr) is sufficiently high that condensation of a small These absorptions are attributed to generation of solvatedsHNO
amount of HO is unavoidable at 110 K. Therefore, the from reaction 1. Upon turning off the flow of water into the
spectrum in Figure 3A represents CIOpN@eposited on &5 chamber, the only change in spectra observed was a continual
nm thick water ice film. The thin kD ice film was ratioed out increase in the CIONgZfundamental absorption features. These
in the background, and thus water bands are not evident in theexperiments suggest HN@rmation from reaction 1 is possible
spectrum. The CION@spectrum obtained shows all five of even at 110 K, and thus, reaction 1 must proceed through a
the nine fundamental bands of CION®bservable within the  very low activation barrier. This conclusion is supported by
wavelength range of our detector. Peak positions for the variousrecent theoretical studié8. Thus, we conclude that the slight
fundamentals are the N@vagging modeg) at 715 cntl, the HNO; impurity present in Figure 3A is likely a result of CIONO
ONO scissors modef) at 788 cnt?, the CIO stretching mode  reacting with water condensed on the Al substrate and not from
(vg) at 829 cnr?, the NG symmetric stretchig) at 1303 cm?, reactions occurring in our inlet lines.
and the NQ asymmetric stretching mode,j at 1700 cm™. CIONO, Reactions on NAD and NAT and at 185 K.
Two weak absorption features were observed at 1450 and 298@Before determining the reaction efficiencies on NAD and NAT,
cm~t which have been previously assigned to an overtone of we first characterized the loss of CIONGN the stainless steel
the NG wag and a combinationv§ + v2) band, respectively.  walls of the reactor in the absence of a PSC film. These
The peak positions listed above are in excellent agreement withexpansions were performed over the range of flow rates
both matrix isolation data and previous reflecticabsorption investigated (flow= (3.5-35) x 10! molecules 3. An
infrared studied®33 example of the CION@temporal profile observed in such an

In addition to the CION@bands, a very weak feature at 966 expansion is shown in Figure 4A. In all cases the expansion
cm 1 was observed due to infrared absorption of a small amount was characterized by a rapid decrease upon opening the butterfly
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Figure 4. (A) Mass spectrometer tracesv/g = 46 (NO,")) obtained
with no ice present (blank) and upon exposing a flow of CIQN®
o-NAT, 5-NAT, and NAD surfaces at a water partial pressure of 5
107 Torr (normalized to initial values of one for clarity). (B) Mass
spectrometer traces obtained upon exposing a flow of chlorine nitrate
to S-NAT at varying partial pressures of,8 (normalized to initial
values of one for clarity).

valve followed by a recovery to a value slightly below the
original mass spectrometer signal. This indicates that the
chamber walls did act as a sink for CIONGnd hence, the
reaction efficiencies reported below were corrected for this
additional loss process. The magnitude of the expansion
recovery was very reproducibletb%) and independent of
CIONO, flow rate. Although highly reproducible, when
measuring very small reaction probabilities € 0.001) this
correction introduced significant uncertainty.

The reaction efficiencies for reaction 1 on NAD and NAT
surfaces at 185 K were measured over a range of relative
humidities, and the condensed-phase products were observe
as a function of time. Typically, reactant films were grown to
a thickness exceeding 100 nm and slowly desorbed to the desire
range of thickness~5—50 nm) by pumping directly on the
film. o-NAT, 5-NAT, and NAD each exhibits unique infrared
spectra; therefore, identification of the reactant film composition
was done by monitoring the spectrum of the film upon crys-
tallization. After achieving the desired film composition (NAT
or NAD) and thickness, the gate valve was shut so that pumping
occurred via effusion through the 0.17 €tmole. Under these
conditions, the reactant NAD and NAT films were stable over
the course of an experiment.

After preparing a stable NAD or NAT film in the upper
chamber, the reactant film was isolated from the lower chamber
by closing the butterfly valve between the upper and lower
chambers. A steady flow of CIONOwas introduced to the
lower chamber to attain a partial pressure of 107 Torr and
monitored by then/z = 30 (NO"), m/z = 35 (CI*), m/iz= 37
(CIM), andmyz= 46 (NG;™) signals from the mass spectrometer.
An additional flow of HO was introduced to the lower chamber
to obtain a total chamber pressure in the range{2® x 1075
Torr.

J. Phys. Chem. A, Vol. 101, No. 46, 1998647

When the flows of CION@ and HO had stabilized, the
butterfly valve was opened, and the flows of CION&hd HO
were exposed to the reactant NAD or NAT film. In all cases,
significant drops in thevz = 30, 35, 37, and 46 signals occurred
upon opening the valve, after which the signals remained
essentially constant. When the valve was closed, the signals
recovered to their previous values before opening. Identical
behavior was observed upon opening and closing the butter-
fly valve a second time. Figure 4A showsz = 46 (NO*)
traces for the exposure of CIONQ@o ~20 nm thick NAD,
a-NAT, and 3-NAT films in the presence of5 x 107 Torr
of Hzo

The observed decrease in mass spectrometer signals results
from CIONG; reacting with the hydrate surface. Therefore,
CIONO, mass spectrometer signals befotg) @nd after )
exposure to the surface undergoing reaction can be related to
the reaction efficiency for reaction 1 by eq VIII. Usidg =
72 cn? as the geometric surface area of the aluminum substrate
(including a 6.4 cricontribution from the edge), the/z = 46
(NO2*) andmvz = 30 (NO") signals yielded an average reaction
efficiency for reaction 1 on NAD of = (5 &+ 3) x 104 for
conditions of 5x 1076 Torr of H,O. Experiments probing the
reactivity ofo- andB-NAT surfaces for conditions of & 1076
Torr of H,O yielded similar reaction efficiencies g{3-NAT)
= (5% 3) x 10* andy(o-NAT) = (4 & 2) x 1074 Using
CIONO;, fragmentsm/z = 35 and 37 $CIT and’Cl™) yielded
values ofy approximately 30% smaller than those determined
usingm/z 46 and 30 for measurements on both NAD and NAT
surfaces. An explanation for this discrepancy follows in the
Discussion section.

The reaction efficiencies for CIONOon NAD and NAT
surfaces were measured over a wide range of water partial
pressures (5< 1076—2.0 x 1074 Torr). To ensure that each
CIONO; expansion was interacting with a clean acid hydrate
surface, the reactant film was directly pumped on after each
exposure. The magnitude of the reaction efficiency for reaction
1 on NAD, a-NAT, and 3-NAT surfaces was observed to
increase systematically as the partial pressure gb Wvas
increased. Figure 4B shows mass spectrometer trages=
46 (NQ;™)) for exposure of an approximately 20 nm thick
B-NAT film to 1 x 10°® Torr of CIONG, and water partial
pressures ranging from:8 1075to 1.6 x 1074 Torr. Using eq
VIII, reaction efficiencies were determined to range frore
0.0004 toy = 0.007 as the water partial pressure was increased
érom 5x 10%to 1.4 x 107 Torr at 185 K. Again, mass
Spectrometer signals/'z = 35 (°CI) and 37 ¢’CI") yielded

d/alues ofy that were~~30% smaller than those determined using

m/z= 46 and 30 for all water partial pressures investigated. As
discussed below, we prefer to report values abtained from
mass signaiwz = 46 (NO;*). Figure 5A summarizes all the
measurements of as a function of HO partial pressure at 185

K for both NAT and NAD reactant films.

The values of the reaction efficiency obtained in the present
study for reaction 1 were observed to be independent of the
CIONG; concentration ((£10) x 107 Torr) exposed to the
reactant NAD or NAT film. In addition, the measured reaction
efficiencies did not change significantly upon switching the
substrate material from aluminum to gold or varying the
thickness of the reactant NAD and NAT films betweeh and
50 nm.

The composition of the reactant NAD and NAT films was
monitored before, during, and after exposure to CIGNO
Exposure of thin NAT and NAD films to CION®in the
presence of watetP{,0 = 4 x 1075 Torr) always resulted in
continuous growth of the reactant film as indicated by increased
total integrated absorbance of the FTIR-RAS spectra of the thin
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Figure 5. Summary of the reaction efficiencies measured in the present
study. (A) The reaction efficiencies measured on NABNAT, and
B-NAT surfaces plotted on a linear scale. (B) A comparison of our
NAT results with measurements from previous studies at higher
temperatures plotted on a logarithmic scale.
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Figure 6. FTIR-RAS spectra obtained upon exposing-alAT film

to 6 x 107 Torr of CIONQ, and 8 x 107° Torr of H,O: (A) spectra

as a function of time with the lower spectrum taken at O min and the
upper spectra taken at 4, 7, and 13 min; (B) subtractionis=at, 7,

and 13 min.

reacting films. For example, Figure 6A shows the infrared
spectra observed during exposure of a thin NAT film tx 6
1076 Torr of CIONGQ, and 8x 1075 Torr of H,O. Subtraction
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occurred due to reaction. In the subtraction it is clear that there
is increased absorption in all the mafBNAT absorption bands
(3380, 3228, 1851, 1394, and 825 thupon exposure to
CIONO; and HO. Increased absorption in tiseNAT absorp-
tions can be attributed to HN®roduction from reaction 1 and
subsequent incorporation into the NAT crystal structure. In
addition to NAT absorptions, a new broad absorption feature
centered at 3370 cm is apparent on close examination of the
subtraction spectra. The broad absorption feature observed at
3370 cmi! is likely due to the presence of surface-absorbed
water not incorporated into the NAT lattice structure. Below
we will show that this water is probably contained in an aqueous
HNO; surface layer on NAT.

NAD films also exhibited a significant change in their FTIR-
RAS spectra after being exposed to CION@nd HO.
Subtraction spectra revealed similar behavior as that observed
for experiments foff-NAT. The product spectra observed were
characterized by growth in the major NAD absorption features
(3496, 3267, 1756, 1461, 1307, and 803 &)nindicating HNQ
production from reaction 1 and incorporation into the hydrate
lattice. In addition, a broad absorption feature at 3370cm
was again noticeable in the product spectra due to water in the
surface layers.

Subtraction spectra for investigations of reaction 1 on NAD
and NAT were obtained for exposure times up to 15 min.
Comparison of the subtraction spectra at successive time
intervals for a constant #0 partial pressure revealed that the
product layers possessed essentially constant composition during
the 15 min exposure. However, the composition attained varied
as the HO partial pressure was changed.

Figure 7 (A and B) shows the product spectra observed upon
exposing~20 nm thick NAD ang3-NAT films to CIONGO, and
H,0 for a variety of water partial pressures. As shown in this
figure, the product spectra observed for conditions of low water
partial pressuresP,o < 5 x 107% Torr) are nearly indistin-
guishable from the initial reactant NAD and NAT films.
However, at higher partial pressures oftHthe magnitude of
the broad absorption centered at 3370 €imcreased relative
to the nitrate feature at1400 cnt!. Subtractions indicate that
the feature at 3370 cnis attributable to surface-adsorbed water

spectra are shown in Figure 6B to highlight the changes that not incorporated into the hydrate lattice. The variation in
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subtraction spectra for different water partial pressures suggests
that the amount of “free” water on the reaction surface increased g5
systematically with water pressure. ]

Product spectra similar to those shown in Figure 7 were also
acquired for investigations of reaction 1 oaNAT surfaces.

As mentioned previously, at 185 I&-NAT spontaneously
converted tg3-NAT throughout the course of an experiment.
Exposure of CION@and HO to o-NAT films yielded product 1
spectra characterized by an absorption centered at 3370 cm 00107
in addition to then-NAT and3-NAT fundamental absorptions. . e e Tw 2o e Py
As in the case of experiments ghiNAT and NAD films, the Wavenumbers (cm-1)

intensity of the absorption at 3370 cinwas observed to
increase as the @ partial pressure above the reactant film was
increased.

As shown in Figures 6 and 7, upon exposing CIQN®ONAD
and NAT films, no absorption features attributable to molecular
HOCI were observed in the condensed-phase products at 185
K. These observations suggests that HOCI, the coproduct of
reaction 1, rapidly desorbs from the NAD and NAT surfaces at
185 K and, hence, did not accumulate significantly on the T T R T T
reactant surface. Wavenumbers (cm-1)

At high H,O partial pressuresP,0 = 1.0 x 1074 Torr), Figure 8. FTIR-RAS spectra observed upon exposing 30-¢ Torr
product adlayers from reaction 1 on NAD and NAT fiims of CIONO,and 1.6x 10~ Torr of H;O to a-NAT reactant film. (A)
possessed HN§vapor pressures significantly larger than that is th.e observed spectratat= 0 and 2 min and (B) is subtraction after
of the initial reactant films. Under these conditions, infrared < ™"
spectra of the product films indicated rapid loss of adlayers upon subtraction spectrum shown in Figure 8B is in excellent
lowering the pressure of water in the chamber. After isothermal agreement with previous FTIR-RAS spectra of crystalline water
desorption of the product layers, the original NAD or NAT jce35 Nucleation of ice on NAD was also observed at water
infrared spectrum was easily regained. Once the productpressures greater than 15104 Torr.
adlayers had desorbed, the reflecti@bsorption spectrum of The subtraction spectrum in Figure 8B also reveals a slight
the film remained essentially constant, and the pressure insideincrease in absorption a¢1400 cntl. This is indicative of
the chamber decreased significantly. These observations indi-growth of NAT prior to and during ice nucleation. The uptake
cate that the observed product layers at high water partial of CIONO, was also monitored for experiments using water
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pressures were likely composed of a metastable HNSD partial pressures 1.5 x 1074 Torr. Figure 4B includes a mass

phase such as an aqueous HN®OIution. spectrometer trace for conditions in which CION@ x 1076
The rate of condensed-phase product growth, resulting from Torr) and HO (1.6 x 10~ Torr) were exposed to a NAT film

reaction 1, increased as the partial pressure of CIQND- at 185 K. The decrease in all CIONGnass spectrometer

10) x 1076 Torr) exposed to the NAD and NAT reactant film  signals for experiments on both NAT and NAD indicated that
was raised. Despite the dependence of the product growth ratethe reaction efficiencies increased significantly under conditions
on the partial pressure of CIONGn the chamber, the spectra  of ice nucleation and growth. The reaction efficiency for
of growing adlayers at a given water partial pressure were reaction 1 under these conditions was determined to exceed the
essentially identical for the entire range of CION@artial limit that we can measure accurately. Therefore, we report a
pressures used. Obtained product spectra did not vary uponlower limit on the reaction efficiency of reaction 1 on ice of
changing the thickness«Q0—50 nm) of the reactant hydrate  yice > 0.02.
film or substrate material (Al or gold).

Ice Nucleation and Growth on NAD and NAT. Reaction
1 on NAT and NAD surfaces was also studied under water  Reaction Efficiency for Reaction 1. In the present study,
partial pressures at and above the ice frost point at 185 K (frost CIONO; could only be detected by fragment peaks 30 {)NO
point at 185 K= 1.03 x 10~* Torr). Ice nucleation was not 35 (CI+), 37 (CI'), and 46 (NQ™) due to the very energetic
observed on NAT and NAD for 0 partial pressures 1.5 x nature of our electron ionizer. This makes measurement of the
10 Torr. Rather, as shown in Figure 7, water-rich surface yptake coefficient for reaction 1 difficult because the products
layers were observed for both NAT and NAD reactant films of this reaction, HOCI and HN§ are also likely to fragment
for partial pressures of # <1.5 x 104 Torr. As discussed  to identical mass peaks. Our measurementsfof reaction 1
below, we attribute the product spectra to the formation product ysing peaks 35 and 37 were systematically smaller (30%) than
adlayers composed of agueous HNIutions in coexistence  those determined using masses 30 and 46. This is likely due
with NAT or NAD. to interferences arising from HOCI formation and subsequent

At water partial pressures above 1x51074 Torr, exposure desorption from the nitric acid hydrate surface. Indeed, no
of CIONO; to NAT and NAD films resulted in noticeable @ HOCI was observed in the FTIR-RAS product spectra upon
changes in the FTIR-RAS product spectra. These changes werexposing CIONQ@ to NAT or NAD films. This observation
characterized by the rapid appearance of a sharp absorptiorstrongly suggests that HOCI desorbs rapidly upon formation at
feature at 3220 crt and a broad feature centered at 850 &m 185 K. No parent mass was observed for HOCI in our mass
Figure 8 shows the spectrum obtained from exposiBgNAT spectrometer; therefore, it is likely to have fragmented producing
film to 3 x 1078 Torr of CIONG, and 1.6x 107 Torr of H,O. masses 35 and 37. This would lead to an enhancement in the
The appearance of the new absorption features at 3220 and 85@nass spectrometer signals of masses 35 and 37 upon exposing
cm! may be attributed to the nucleation and growth of CIONO to the reactant surface and interfere with the determi-
hexagonal water ice on top of the reactant NAT faf#? The nation ofy for reaction 1.

Discussion
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Upon exposing CION@to reactant acid hydrate films, slow
growth of the NAT and NAD absorption features was always
observed. This suggests that, in contrast to HOCI, HNO
produced from reaction 1 is permanently incorporated into the
hydrate surface upon formation. Therefore, HNfOrmation
should not interfere with the determination pffrom masses
46 and 30. The CION@signals at masses 30 and 46 were of
similar magnitude. In contrast, the HNGignal at mass 30

Barone et al.

partial pressures at the frost point. Direct measurements of the
H,0O adsorption and desorption rate coefficients on NAT as a
function of temperature may prove useful in resolving the exact
nature of the overall temperature dependence of reaction 1 on
NAT.

Another possible explanation of the discrepancies noted above
involves the morphology of the NAT films used in the present
and previous studies. The roughness of laboratory ice films

was approximately 1 order of magnitude larger than that at masshas been an unresolved controversy in the literature for the past

46. Although we do not think HN@®formation from reaction
1 interfered significantly with our measurements, we only report
values ofy for reaction 1 determined using mass 46.

As in previous studies, we find that the reaction efficiency
for reaction 1 on NAT increases with increasing relative
humidity5® The values we obtain at 185 K can be compared

5 years3®:37 The preparation methods employed in the present
study differ considerably from those used previously by Abbatt
et al. and Hanson and RavishankafaThe films of Abbatt et

al. and Hanson and Ravishankara were prepared by vapor
deposition of ice at 202 and 191 K, respectively, followed by
exposure to HN@for approximately 1 h. In the present study

to those found earlier at higher temperatures. Our studies wereNAT films were primarily prepared by codeposition at 150 K

limited to temperatures: 185 K because at higher temperatures
desorption is fast enough to significantly reduce the lifetimes
of our thin acid hydrate films upon closing the butterfly valve.
Abbatt and Molina repory = 0.0024+ 0.001 for reaction 1 on
NAT under conditions of 88% relative humidity at 202°K.
Hanson and Ravishankara report an identical valye=f0.002

at 90% relative humidity and 191 K. These previous measure-
ments agree reasonably well with our slightly higher value of
y = 0.004 £ 0.002 at 185 K and 90% relative humidity. A
standard propagation of errorsAq (8%), As (3%), | (5%), and

lo (5%) yielded an error iny of £10%. However, the
reproducibility of an experiment generally resulted in a much
larger error of+50%.

Although our measurement of the reaction efficiency for
reaction 1 on NAT surfaces at a relative humidity of 90% agrees
with previous work, values of deviate significantly at lower
relative humidities. Figure 5B displays a collection of measure-
ments of the reaction efficiency for CION@n NAT as a
function of relative humidity. It should be noted that in Figure
5B relative humidity is determined relative to the water vapor

followed by annealing. Previous work by Middlebrook et al.
has shown that NAT prepared by this latter process results in
considerably flatter films than those prepared by direct deposi-
tion.38 In addition, the present films were very thin{50 nm)

and would thus be unlikely to develop as much roughness as
thicker films. These factors suggest that the films used in the
present study were, if anything, more smooth than those
employed in previous studies. In addition, we note that no
systematic change in the magnitudejofvas observed upon
changing the thickness of our NAT reactant film from 5 to 50
nm. This implies that the use of geometric surface area in eq
VIl is valid. However, because none of these studies measured
the actual surface area during reaction, we cannot completely
eliminate the possibility that the temperature dependence we
suggest for reaction 1 is really a manifestation of morphology
differences in the NAT films.

In addition to factors such as temperature and surface
morphology, the presence of contaminants such as HiNO
the CIONQ source used in the present study could also
contribute to the observed discrepancies becan/gel6 is a

pressure over ice at the various temperatures studied. Thereforefragmentation product of both CION@nd HNQ. HNO; has
for the same relative humidity the actual water partial pressuresa large accommodation coefficient on NA@ € 0.3) at 100%

of the three studies differed considerably. The plot clearly

relative humidity3® Although much lower uptake of HN§Js

shows that experiments performed by Abbatt and Molina at 202 observed on NAT at lower relative humidityexact values of
K result in a much steeper dependence on relative humidity the accommodation coefficients on NAT are not available as a
than the current results observed at 185 K. The values at 190function of relative humidity. Thus, a large HN©ontaminant

K from Hanson and Ravishankara show intermediate beha¥ior.

in the CIONQ source could potentially lead to an erroneously

As suggested by our 110 K codeposition results, reaction 1 high value ofy for reaction 1. However, our FTIR-RAS spectra

is likely to proceed through a very low activation barrier.

of “pure” CIONO, suggest that we indeed used a very pure

Therefore, any temperature dependence in the reaction efficiencysource, and thus this is unlikely to be the cause of the
of reaction 1 on NAT is likely to arise from changes in the discrepancy. Thus, we conclude that the most likely explanation

surface coverage of water for identical relative humidities at
different temperatures. Using a physical adsorption model

for the differences in the observedvalues for reaction 1 is
the different temperatures used in the three studies.

constrained by parameters from experiment, Henson et al. have The reactivity of NAD films was also investigated as a

modeled reaction 1 on both NAT and SAT surfaégdn this
model the temperature dependence of th® Hurface coverage

function of relative humidity at 185 K. In our experiments the
exact stoichiometry of the reactant hydrate film before, during,

is assumed to scale with the vapor pressure of water ice. Hensorand after exposure to CIONOis directly monitored via
et al. are able to reproduce the results of Abbatt et al. extremelyreflection—absorption infrared spectroscopy. Thus, we are

well; however, the calculations are significantly lower than the

confident of the exact composition of the reactant NAD film

efficiencies measured by Hanson and Ravishankara and in theover the entire duration of the measurement. The reactivity of
present study. In addition, although the model of Henson et NAD with CIONO, was observed to be quantitatively very
al. was able to reproduce the temperature dependence of reactiosimilar to that on NAT surfaces. The similarity of CIONO

1 on SAT as measured by Zhang et%ahe results of Hanson
and Ravishankafaon SAT at low relative humidity (high
temperatures) significantly deviate from the model predictions.

reactivity on NAT and NAD surfaces is likely to arise from the
reaction occurring on water absorbed on the hydrate surface
and not on the “neat” hydrate surface alone. This argument

Thus, it is possible that the temperature dependence of the vaporvould explain why the reactivity of HNOhydrate films is
pressure of ice may not adequately describe the temperaturendependent of hydrate stoichiometry. Hanson and Ravishan-

dependence of the adsorption and desorption kinetics,6f H
on hydrate surfaces. This is especially valid considering the

kara also report that the reactivities of NAT and NAD are
similar; however, they mention that their NAD films were

fact that ice nucleation on NAT was not even observed for water metastable throughout the course of an experiment and slowly
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converted to NAT. In contrast, the NAD films used in our
experiments were observed to be stable for the entire course of
an experiment and could be easily regained after reaction by
pumping directly on the film. The present measurements of
the rate of reaction 1 on NAD imply that, in the atmosphere,
NAD surfaces are likely to be as reactive as NAT surfaces and
will follow a similar relative humidity and temperature depen-
dence.

A recent thermodynamic modeling study of CIONi@teract-
ing with NAT surfaces has also suggested that the availability ]
of surface-absorbed water ultimately governs the rate of reaction 0.005 ]
116 Although we cannot quantify the surface water coverage 1 nar
on our thin reactant hydrate films, our results strongly suggest 0.000]
that the surface water content of the reactant film plays a primary ]
role in determining the rates of reaction 1 on NAD and NAT. -0.005 ] . :
A similar modeling treatment of NAD would be interesting in 4000 3000 200 1000
light of the present resullts. Wavenumbers (cm-1)
Identification of Condensed-Phase Products The product ~ Figure 9. Residual spectra resulting from subtraction of NAD (A)
spectra observed during reaction yield insight into the mecha- 2"d NAT (B) reference spectra from the most water-rich spectra shown
) . L2 - in Figure 7, A and B, respectively.
nism and relative humidity dependence of reaction 1 on NAT
and NAD surfaces. In the present study HNfOrmed from
reaction 1 was found to be retained in the condensed phase a
shown by the growth of the reactant hydrate film. However,
the composition of the surface layer governing the reaction
kinetics was observed to depend on the partial pressure®@f H
above the hydrate surface. At low relative humiditiesg 5
x 1075 Torr, NAT or NAD surface layers were formed that

0.030 -:
0.025 -:
0.020 —:
0015 E
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to 1450 (and 1310) cmt bands®® Thus, it is very likely that

e water-rich surface layers observed in the present study are
composed of a layered product consisting of growing crystalline
hydrate and an aqueous HNB-0 surface layer. Other surface
probes such as scanning tunneling microscopy, atomic force
microscopy, and second harmonic generation may prove useful

X P in determining the exact nature of the water-rich forms of NAT
possessed an infrared spectrum nearly indistinguishable from

L - . and NAD observed in the present study.

the original reactant film. In contrast, for water partial pressures S )
>5 x 1075 Torr, the spectra of the condensed-phase products Product spectra taken at exposure time intervals up to 15 min
reveal an additional absorption centered at 3370 cmot suggested that the growing adlayers possessed a constant
present in the spectrum of the original crystalline hydrate film. cOmposition for a constant water partial pressure. Also sup-
Previous FTIR-RAS studies of thin amorphousCHice films porting this conclusion, the for reaction 1 on NAT and NAD
have shown that the OH stretch is primarily characterized by a Was observed to be constant for reaction times up to 15 min.
broad absorption band centered aroung 3370 cnt! and a Together these observations support a mechanism of surface
smaller feature av ~ 850 cnt! corresponding to the 40 growth via a flux of both gas-phase HN@rom reaction 1)
libration35 The spectra of the water-rich surface layers on NAT and water to the hydrate surface. Ultimately, this mechanism
and NAD did not possess significant absorption at 850%cm  results in a constant replenishment of water available for reaction
corresponding to the 4@ libration in supercooled water. This leading to unlimited uptake of a constant efficiency.
suggests that there are no long-range wateter interactions, Nucleation and Growth of Crystalline Water Ice. Crystal-
either due to perturbations from the hydrate environment or due line ice nucleation and growth from the aqueous Hd0Orface
to solvation of extra HN@ not incorporated into the bulk.  layer on top of the reactant NAD and NAT reactant films were
Considering the CION®flow into the chamber acts as a only observed at saturation rati®&> 1.5. In our system we
continuous source of HN§o the reactant film, it is very likely cannot determine whether ice nucleation occurred heteroge-
that the aqueous solution observed at the surface contained someeously on the reactant acid hydrate surface or homogeneously
solvated nitric acid. from the aqueous HN{HO surface layer. The saturation

To gain a more quantitative understanding of the thin water- requirement$ > 1.5) measured in the present study suggests
rich hydrate films observed in the present study, reference NAT that a significant barrier exists for ice nucleation. This may
and NAD spectra were subtracted from the product spectraindicate that the lattice structures of NAT and NAD are not
observed at high relative humidities. In these subtractions a optimally arranged to facilitate growth of the crystalline water
scaling factor was used to minimize the absorption in the NAT ice lattice. Such lattice mismatching has been reported for solid/
and NAD fundamental bands. The results of such an analysissolid nucleation on other PSC surfaééslf occurring homo-
are shown in Figure 9 for the most water-rich surface layer geneously, the results of the present study suggest that a
shown in Figure 7. The obtained residual spectra are similar supercooling of HO/HNG; solutions to~2 K below the ice
for both NAD and NAT surface layers and closely resemble frost point is required for ice nucleation. This value was
previously reported FTIR-RAS spectra for amorphous HNO determined by relating the @ partial pressure over the thin
H,O with a composition of roughly 5:1 #0:HNO;.2324 How- film when ice nucleation was observed to a temperature using
ever, in the present case the HM@AO layers are likely aqueous  the equilibrium ice frost point data of Marti and Mauersberder.
solutions since the experimental temperature of 185 K is well This requirement is consistent with the predictions of current
above the glass temperature of HM@,0O mixtures of~150 thermochemical models of homogeneous nucleation in the
K.40 Similar spectra were obtained for water-rich product atmosphere. Indeed, the results of recent homogeneous nucle-
spectra at different relative humidities and were primarily char- ation calculations predict a similar saturation requirement for
acterized by a broad absorption centered8800 cnt! and homogeneous nucleation of ice from aqueous sulfate solufions.
two sharper features 1450 and 1310 émHowever, product Regardless of the exact mechanism of nucleation (heterogeneous
spectra taken at lower relative humidities revealed a decreasedr homogeneous nucleation), the results of the present study
water content as indicated by a decrease in the ratio of the 3300suggest that ice nucleation in the atmosphere on NAT or NAD
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