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Production of OP; J = 2, 1, 0) atoms from the 295320 nm photodissociation of NO adsorbed on water
polycrystalline ice films at 100 K was directly confirmed using the resonance-enhanced multiphoton ionization
technique. Detection of the O atom signals required an induction period after deposition gfdattCthe

ice film held at 130 K due to the slow ionization rate of HN© H* and NG~ with a rate constant df =

(5.3+ 0.2) x 103 s L. Translational energy distributions of the O atoms were represented by a combination
of two Maxwell-Boltzmann energy distributions with translational temperatures of 2000 and 100 K. Direct
detection of NO from the secondary photodissociation process was also successful. On the atmospheric
implications, the influence of the direct release of the oxygen atoms into the air froyn &i3orbed on the

natural snowpack was included in an atmospheric model calculation on the mixing ratios of ozone and nitric
oxide at the South Pole, and the results compared favorably with the field data.

Introduction 1 and NQ formed in reaction 2 undergo further photodisso-

An aqueous solution of nitric acid, a strong oxidizing reagent, clation:

generates oxygen molecules when it is irradiated by ultraviolet
light because the photolysis of the aqueous nitrate at wavelength _ .
(1) > 300 nm and under pH< 6 in fluid or frozen media NO, +hv(+H")— NO+ OH/HONO (3)
proceeds via two channels:

Sin snowpack

in the gas phase

NO, + hv — NO + O(P) (4)
AH Ath
kJmolt  nm The NQ production and release to the gas phase as a result of
NOs~(d) + hv — OCP)(g) + NO; (d) 352 340 (1) the ultraviolet radiation impacting onto NOdissolved in ice
NO;~(d) + hy — O~(d) + NO4(g) 190 630 (2 have been observed in several laboratory stddfed

In this work, we focused on direct detection of the oxygen
where i stands for the threshold wavelength, ‘d’ for dilute atom via reaction 1 from the ultraviolet photodissociation of
solution, and ‘g’ for gas phasePrevious laboratory studies NOs;~ adsorbed on a water ice film using laser ionization time-
concerning the photolysis of NO have demonstrated that the of-flight (TOF) techniques. The secondary photoproduct NO
reaction proceeds via reactions 1 and 2 using laser-inducedvia reaction 3 was also investigated. If direct release of O atoms
fluorescence techniques for N&? or based on product analysis and NO molecules is confirmed, thes@nd NG production
using an benzoic acid scavenyjand an oxygen-atom scaven- via reactions 1, 3, and 4 will have a large impact on the origins
ger® Generation of oxygen atoms from the photolysis of;NO  of the air pollution at the South Polé.
in an aqueous solution was indirectly confirmed by the radical
scavenging technique with cyclopentene by probing the produc- Experimental Details
tion of ethané~7 However, direct observation of oxygen atom

. : - 1.Time-of-Flight Apparatus and Preparation of Ice Films.
release from the ultraviolet photodissociation of ;N®as not ght AApp b

b » q The experimental apparatus used in the present study has been
een periorme o . described previousl$# A vacuum chamber was evacuated to a
Referreq to as “snowpack photochemistry”, the summertime ;e pressure of 18 Torr using two turbo-molecular pumps
atr_n(_)s_pherl_c boundary Iayer_over the South Pole is f;lghly in tandem (Mitsubishi Heavy Industry, 800 and 50 1)s An
0>_<|d|2|ng with unexpectedly high levels of N‘OOH' and Q. optically flat sapphire substrate, sputter coated with a thin film
Nitrate plays a crugal role in the snovypack acting as a source ¢ Au, was supported in the center of the chamber by a liquid-
of NOx and OH radicaibecause the nitrite formed in reaction nitrogen-cooled manipulator connected to¥al-Z stagel The
« Corresponding _ authors E-mail (MK)  kawasaki@ temperature of the substrate was controlled to within 1 K. The
photon.mbox.media kyoto-u.acjp; (D.E.S.) d.e.shallcross@bris.ac.uk. controller was composed of an alumehromel resistance
Fax: (M.K.) +81-75-383-2573; (D.E.S}44—117-9250612. thermometer with cooling, by liquid nitrogen, and heating from
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a 0.35 mm diameter tantalum filament attached to the substrate
Polycrystalline ice (PCI) films were prepared with the back-
filling deposition of water vapor onto the substrate at 130 K
for 60 min by a pulsed nozzle (General Valve) at a rate of 10
Hz, at a 48 incidence angle, and at 20 Torr stagnation pres-

sure of water vapor and then maintained at this temperature for

a further 30 min for annealing purposes. The exposure,af H
was typically 1800 L (1 L= 1 x 1078 Torr s), which resulted
in the formation of 600 mL of KO on the Au substrat.

Commercially available nitric acid (69%) was dried in a glass
container with concentrated sulfuric acid (97%) to remove water.
The gas mixture of HN@ (approximately 30 Torr) with K
diluent (approximately 730 Torr) was introduced into a vacuum
chamber with the backfilling method by a pulsed nozzle. The
exposure of HN@was typicaly 2L (1L =1 x 106 Torr s)
on the PCI film for 10 min duration at 130 K, and the substrate
temperature was held at 130 K for up to 90 min. A sticking
(uptake) coefficient is reported to be G8After the substrate
temperature was reduced to 100 K, UV photoirradiation and
resonance-enhanced multiphoton ionization (REMPI) detection
of O atoms were performed. The ice film thus dosed was
photodissociated at 29820 nm with a YAG pumped dye laser
(Lambda Physik, SCANmate, 1 mJ chpulse! at UV).
Another YAG pumped dye laser pulse (1 mJ palsat UV)
was used to ionize the photofragments by the-(2) REMPI
transition of OtD;—3P,) at 225.72 nm with a lens & 0.10
m). The subsequent REMPI signals were detected by a time-
of-flight mass spectrometer and normalized to the UV probe
laser intensity. The distance, between the substrate and the
detection region was varied from 2 to 5 mm to change the
effective flight lengths for neutral G®;) atom photofragments,
which were set typically to 2 mm. REMPI signal intensities
were taken as a function of time delaybetween the photolysis
and probe laser pulses, which correspond to the flight time
between the substrate and the REMPI detection region. Nitric
oxide was probed by the (2 1) REMPI transition of NO-
(AZ=—211, 0—0, J") at 225.6-226.4 nm.

2. Simulation of Time-of-Flight Spectra of O Atoms.The
TOF spectra were fitted witB(t, T1, Ty, T3), consisting of three
flux-weighted Maxwel-Boltzmann (MB) distribution®y-g(E;,
Twang, defined by translational temperatufBsand coefficient,

a;,

Sa, t, Ty, Ty =
aSue(t, Ty) +aSye(t, T) + (1 — a; — a)Sye(t, Ty) (5)

Sus(t, 1) = r’t ~* expl-mr/(2ks Tyand)] (6)

PMB(ET’ Ttrang = (kBTtrans)_2 Et eXp[— ET/(kBTtrang] (7)

wherer is a flight length for the photofragmer®ys(E:, Tirand
is characterized by the average translational enekgyl =
2keTirans Wherekg is the Boltzmann constant. Since the ice films
employed in these experiments were of polycrystalline surface
morphology, the angular distributions of the O atoms were all
assumed to be isotropic. The accuracy of the conversion
procedure was confirmed experimentally by changing the flight
length from 2 to 5 mm with the aid of th¥-Y-Z stage. The
effective irradiated area was determined by a round slit of 10
mm diameter. This size is the part of the film on the sub-
strate.

The details of the simulation for the TOF spectra were
described in our previous pap€rThe conversion procedure
was described by Zimmermann and Ho.
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Figure 1. REMPI excitation spectrum of €®;) from the 305 nm
photodissociation of N@ on a polycrystalline water ice film. The
substrate temperature was 100 K at2time-of-flight.
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Figure 2. Time evolution of OfP,) signal intensity after deposition

of HNO;s on the ice film at 130 K at s time-of-flight. During the
intercept of measurement, the UV photodissociation beam at 305 nm
was blocked. The measured evolution curve is fitted to a single-
exponential curve with a rate constant of (3:30.2) x 103 s™%
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Results

1. Resonance-Enhanced Multiphoton lonization Detection
of O(®P;) Atoms. 1.1. Excitation Spectrum and Temporal
Evolution of O Atom Signal Intensity. Figure 1 shows the
REMPI spectrum for the spinorbit levels of OfP;) from the
305 nm photodissociation, 30 min after deposition of HN®
a PCI film at 130 K. The delay between photolysis and probe
laser pulse was @s. Three different levels were generated. The
signal intensity of OP,) was measured as a function of
annealing time at 130 K after deposition of Hil®lo REMPI
signals were detected just after deposition of HNihce the
dissolution and ionization of HNQinto HT and NQ~ on the
PCI film surface is a slow process, on the order of 10 Hin.
The measured evolution curve in Figure 2 can be fitted to a
single-exponential curve with a rate constant of (£.8.2) x
103 s L During the intercept of this measurement, the
photodissociation laser pulse at 305 nm was blocked. Detection
of O(P,) atoms was also successful from the photodissociation
at 295 and 320 nm.

The temporal decay of the &%) signal intensity was
measured as a function of UV irradiation time. The signal
intensity decreased with a time constant of 1/10 Thin

1.2. Translational Temperatures of OfP,) Atoms. Figure
3 shows a TOF spectrum of the ®f) atoms from the 305 nm
photodissociation at 30 min after deposition of HN&» a PCI
film at 130 K. After the substrate temperature was reduced to
100 K, the TOF spectrum was measured, which is well repro-
duced by summing three different MB distributions: the compo-
nent A with Tyans= 2000+ 200 K contributing 48t 4%, the
component B withTyans= 500+ 50 K contributing 11+ 4%,
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Figure 3. Typical time-of-flight spectrum of REMPI signals of &%)
atoms from the photodissociation of NOon a polycrystalline water

ice film at 305 nm. The measurement was undertaken at the substrate

temperature of 100 K. The solid lines are fits to the data derived
assuming three MaxwetliBoltzmann distributionsT = 2000 K for

the fast component, 500 K for the middle one, and 100 K for the slow
one. The inset shows time-of-flight spectrum ofBj atoms from the
photodissociation of N@on water ice films at 305 nm. The solid line
is a fit to the data derived assuming MaxweBoltzmann distribution
with T = 500 K.
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Figure 4. Time-of-flight spectra of REMPI signals of GFj, J = 0,

1, 2) atoms from the photodissociation of BiCon a polycrystalline
water ice film at 305 nm after prolonged UV irradiation for &), or
just after deposition for O3p;) and O £P;). The measurement was ; oS
undertaken at the substrate temperature of 100 K. The solid lines areWith contribution of 19% and 100 K for the slow one.

fits to the data derived assuming three Maxwdbltzmann distribu-
tions, T = 2000 K for the fast component, 500 K for the middle one,
and 100 K for the slow one.

and the component C withyans= 100+ 10 K contributing 41

+ 8%. The inset shows a TOF spectrum of@] atoms from
the 305 nm photodissociation of N@dsorbed on a PCI film
at 100 K. This TOF spectrum is reproduced by a single
component B with 50@t 50 K in the M—B distribution.

The TOF spectra were also obtained fori) and OFP;),

which consist mostly of component B. Similarly after prolonged
irradiation of the UV dissociation laser pulses for 60 min, the
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Figure 5. Time-of-flight spectrum of REMPI signals of NO (Q branch)

at 226.25 nm from the photodissociation of N@n a polycrystalline
water ice film at 305 nm. The measurement was undertaken at the
substrate temperature of 100 K. The solid lines are fits to the data
derived assuming two MaxwetBoltzmann distributionsT = 1600

K for the fast component and 100 K for the slow one.
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Figure 6. REMPI excitation spectrum of NO(AX, 0—0) from the
photodissociation of N@ on a polycrystalline water ice film. The
substrate temperature is 100 K, and the time-of-flight isu$5The
inset shows the spectrum at time-of-flight5 us.

TOF spectrum of G,) changed to consist mainly of compo-
nent B. These spectra are shown in Figure 4.

We also performed the photodissociation at 193 nm just after
deposition of HNQ on the ice film. The REMPI TOF spectrum
of OCP;) at 193 nm was fitted byTians = 2300 & 200 K
contributing 46t 3% andTyans= 130+ 20 K contributing 54
+ 3%.

2. Resonance-Enhanced Multiphoton lonization Detection
of Nitric Oxide. Figure 5 shows a time-of-flight spectrum of
REMPI signals of NO (Q branch) at 226.25 nm from the
photodissociation of N@ on a polycrystalline water ice film
at 305 nm. The film surface was kept at 130 K for 30 min after
deposition of HNQ on a PCI film at 130 K. The measurement
was undertaken at the substrate temperature of 100 K. The solid
lines are fits to the data derived assuming two Maxwell
Boltzmann distributionsT = 1600 K for the fast component

Figure 6 shows the REMPI spectra of NO. The delay between
photolysis and probe laser pulse was 5 angid.5The rotational
temperature of NO is higher than the substrate temperature. The
faster NO photofragment is more rotationally excited than the
slower one, which is common in surface photodissociatigf.

We did not try to probe N@from reaction 2 because of low
sensitivity of the REMPI technique to NG

Discussion

1. Origin of O Atoms from the UV Photodissociation.
Dissociation processes of HNGnto ice film surfaces occur
via dissolution followed by ionization:
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Rausch and Donalds&hreported the N@and HONO release

AH in the snowpack photochemistry. N@lease was not affected
kJ mol?! by temperature changes in the range of 193 and 253 K. A
HNOs(l) + Hz0(l) — HNOxH,0(l) 14 ®) HONO quantum vyield of (3.8 0.6 x 107%) is approximately
HNO4(l) + 3H,0(l) — HNO3*3H,0(l) -25  (9) 1 order of magnitude lower than the reported quantum yield
HNO;-H20(l) — HzO*(d) + NOs(d) -20 (10) for NO, formation.
HNO;:3H;0(1) — Hz0"(d) + NOs(d) + 2H,0(l) —-10 (11) As the other source of O atoms, the photodissociation

processes of HN®are thermodynamically possible.
Pursell et al. examined the ionization process of Hifo HT
+ NOs~ on water ice films using FTIR transmission spectros-

copy?® They found that the ionization rate constant of HNO AH A
into the ice surface layer ik = (4.9 £ 0.7) x 103 s! and kimol?  nm
found no apparent temperature dependence at130 K. The HNOs(d) + hv — OEP)(g)+ HONO(g) 377 317 (12)
activation energy of the ionzation process is reported to e 0 HNO4(d) -+ hvy — OH(g) + NO(g) 280 427  (13)

8 kJ mol .18 The present evolution time constant of (53
0.2) x 103 st at 130 K for the O atom signal is in agree- Since the absorption cross section of HN@the gas phase is

ment with the reported ionization rate constant of HN\&D 1 x 10717 cn? at 193 nm, the O atom production via reaction

130-150 K. 12 is open. However at 305 nm, no signal appeared just after
Assuming that the Ng¥ diffusion in the ice surface layer  deposition of HNQ. The gas phase absorption cross section is

may be comparable to the measured diffusion of HiCOce 2 2.4 x 1072 cn? around 300 nm. Probably the absorption

the dissociation (ionization) constant may be calculated. Using spectrum is blue-shifted on a cold ice film. The other possible
a value extrapolated to 130 K and assuming an average distanceeason might be the low quantum yield of the O atom formation.
of 1-2 bilayers of water (approximately 0.36.73 nm), the Using excitation at 266 nm in the gas phase, Margitan and
calculated rate constant is (4-38) x1076 s~1. This mobility Watson found the quantum vyield of O atoms to be 0.631
constant of N@™ in the ice film is much smaller than our  0.0102° Recently, the quantum yield for OH formation from
experimentally determined time constant. The change of the the photolysis of HN@ via reaction 13 was measured to be
TOF spectra after extensive UV irradiation supports the surface 1.054 0.29 at 308 nni°
NO;~ photodissociation because the supply of N@ the ice 2. Atmospheric Implications. The influence of the direct
surface is not fast enough. release of the oxygen atoms into the atmosphere frog NO
The TOF spectrum of the €R,) atoms in Figure 3 consists  adsorbed on ice surfaces has potential implications for the
of the fast, middle, and slow components. The fast componentformation of ozone and the cycling of NGpecies in the Arctic
A comes from the photodissociation of NO The slow and Antarctic boundary layer and in the upper troposphere
component C that corresponds to 100 K in the Bidistribution impacted by cirrus clouds. The Antarctic boundary layer has
is accommodated by the ice bulk at 100 K. The accommodation been shown to contain elevated levels of &2 that are
of the photofragments by the bulk phase was also reported (a)generated from snowpack photochemistry of nitfafe:3>
for H atoms from the photodissociation of bulk ice water fitts High ozone levels have also been observed at the South Pole
and (b) for NO from the photodissociation of N®I;O4) during summe#8 where levels of NQwere also elevated (50
adsorbed on water film&. The translational temperature of the 600 parts per trillionf? However, observed levels of reactive
residual middle component B corresponds to the componentnon-methane hydrocarbons are extremely low (typically a few
from the photodissociation of Nt 305 nm (the inset of Figure  ppt), too low in fact to support significant ozone production. A
3). Thus, it is tempting to associate the component B with recent modeling study has shown that oxygenated VOCs
photodissociation of N@sequentially formed from the UV~ (OVOCSs) are important for the production of elevated levels
photodissociation of Ng. If NO is produced from N@in the of ozone at the South Pole in the absence of appreciable levels
gas phase, NO would be highly rotationally excited at both 5 of non-methane hydrocarbons. Even with this OVOC enhance-
and 15us times-of-flight (delay between dissociation and probe ment, the model cannot reproduce the highest levels of ozone
laser pulses) because the large excess energy is as large as c@b ppb), even with the highest levels of observed OVOCs (e.qg.,
8000 cnt! and NQ is bent. These considerations suggest that CH;OOH). The South Pole Antarctic Boundary Layer Model
NO is produced via the sequential processes via reaction lused in the described studyhas been re-run to include
followed by reaction 3. Since the photoabsorption cross section photoproduction of O atoms from nitrate by adding a flux from
of NO,™ on a water ice film is 3.2 10720 cm224this secondary reaction 1 of O atoms relative to the observationally derived
dissociation could proceed very quickyThe TOF spectrum  flux of NO derived from NQ~ photolysis3®
of OCP,) in Figure 4 is further evidence that NOwas Snow and ice found in the polar region where the tempera-
photoprepared on the ice surface since, after prolonged UV tures are substantially higher than the present condition (100
irradiation, the TOF component consists mainly of the compo- K) and where the quasi-liquid layers on ice and snow at
nent B that is clearly observed from the photodissociation of 200 K may play a very important role in mediating the reaction
NO, adsorbed on the ice surface. NO is the product of secondarypathways. We assume that the photolysis products of nitrate
photolysis, reaction 3; an induction period would be anticipated dissolved on the surface of the quasi-liquid layer would be no
for the NO signal to rise to detectable levéig’ different from the observations in liquid phase. The quantum
It should be noted that G®) and OfP;) are produced from  yield of O atom release at around 300 nm is estimated to be on
the secondary photoprocess via Néased on the TOF data in  the order of (3-10) x 1073 The release of the O atom from
Figure 4. However, the spirorbit branching ratio in Figure 1 the surface photolysis would not be affected by the presence of
reflects the nascent one because the measured TOF componentke liquid. Hence, we would consider that in both systems (solid
were the component A. Warneck and Wurzirfgeported the and quasi-liquid phases) the surface nitrate photolysis is leading
guantum vyields at 305 nm for reactions 1 and 2 in aqueous to gas-phase release of O atoms. Figure 7 shows the result of
solution to be 1.1x 1073 and 9.2x 1073, respectively. Bartels-  model runs (lines) where the flux from the surface of O atoms
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Figure 7. Levels of Q as a function of specific NO concentrations. Result of model runs (lines) where the flux from the surface of O atoms is
included. These model runs are compared with measurement dataasfdONO at the South Pole (gray points).

relative to the observed NO emission was increased. Such anand processes, such as wet scavenging, is incomplete. The
increase leads to elevated levels gffor specific NO concen- summertime ozone budget has yet to be quantified in the Arctic.
trations. These model runs are compared with measurement dat&@lthough not explicitly modeled in this study, we surmise that
of O3 and NO from the South Pole (gray points). The results the impact of O atom production from snowpack photolysis will
for the oxygen atom quantum vyield of 6:3.0% are in go some way to reconciling these discrepancies in the Arctic.
agreement with the field measurement data. The very high levelsHowever, there still remains a discrepancy between measured
of ozone observed at NO levels less than around 20 ppt areand modeled ratios of NOto NO,. Models consistently
believed to be caused due to the rather sudden development obverpredict HNQ concentrations, and hence N@nd tend to
a very deep boundary layer on the plateau. During such eventsunderpredict N@ This suggests that nitrate photolysis is
ozone is typically mixed up from the surface to elevations in occurring within this atmospheric region and that the 3NO
excess of 500 m so it does not change in concentration at thephotolysis mechanism will redress this discrepancy and ulti-
same rate that NO doé3lt is clear that in order to reproduce  mately lead to enhanced ozone formation. Further work is
the highest levels of ozone observed, at NO levels between 100required to determine whether this mechanism has a significant
and 600 ppt, a flux of O atoms that is about 3% of that of NO impact on the upper free troposphere.
is required, and this flux encompasses most of the measuremen
data. Without this additional mechanism it is impossible to
reconcile this model with measurements, and it would seem that  Direct release of GP;) atoms from the photodissociation of
this is a vital missing piece of the puzzle at the South Pole. NOs~ adsorbed on water ice films at 100 K was confirmed in
A major focus in atmospheric science has been on under-the solar UV radiation region. This finding could provide a new
standing the annual springtime increase in ozone. Ozone lidarproduction pathway of ozone in the mechanism for the snow-
data collected from February to May 2000 between Colorado pack photochemistry in the Arctic at the South Pole. After
(United States) and northern Canada and Greenland as part oprolonged UV irradiation, a significant contribution from the
the Tropospheric Ozone Production about the Spring Equinox photodissociation of Newas observed in the spectrum intensity
(TOPSE) airborne campaign clearly show this transition through- of O atoms. Direct detection of NO was a supporting evidence
out the free troposphef@ Analysis of odd nitrogen (Ng) and for the secondary photoproduction of NO via NO
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