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We quantify the N@ fluxes released into the gas phase during the contindots300 nm photolysis of

NOs~ in submillimeter ice layers produced by freezing aqueous Kblfdays on cold surfaces. Fluxéso,,
increase weakly with [N@] between 5< [NO3;]/mM < 50 and increase markedly with temperature in the
range of 268 T/K = 248. We found thaFno,, the photostationargoncentratiorof NO,~ (another primary
photoproduct), and thguantum yieldf 2-nitrobenzaldehyde in situ photoisomerization are nearly independent
of ice layer thicknessl within 80 < d/um =< 400. We infer that radiation is uniformly absorbed over the
depth of the ice layers, where NOis photodecomposed into N@+ OH) and NQ~ (+ O), but that only

the NG, produced on the uppermost region is able to escape into the gas phase. The remainder is trapped and
further photolyzed into NO. We obtaipno,” ~ 4.8 x 1072 at 263 K, i.e., about the quantum yield of nitrite
formation in neutral N@ aqueous solutions, and an apparent quantum yield of ll@asep'no, ~ 1.3 x

102 that is about a factor of 5 smaller than solutips data extrapolated to 263 K. These results suggest
that NG~ photolysis in ice takes place in a liquidlike environment and that agtwal values may depend

on the morphology of ice deposits. Presgf, data, in conjunction with snow albedo and absorptivity data,
lead to ko, values in essential agreement with recent measurements in Antarctic snow under solar illumination.

Introduction Present results are then used to estimate, flixes from
illuminated snowpacks. The accord obtained Wgsarecent
field measurements in Antarctica at®/®is within experimental
uncertainties.

Deposition of inorganic nitrate on ice surfaces is a major sink
for atmospheric nitrogen oxidég. The fact that nitrate con-
centrations in Antarctic ice, in contrast with other major anions,
are remarkably constant across the continent suggest remote, _ )
global sourced Therefore, nitrate levels within ice cores would ~EXxperimental Section
provide, if preserved,valuable paleoatmospheric and paleo-
climatic information. However, there is mounting evidence that
nitrate is processed and reemitted asRG@m sunlit snowpacks.
Recent experiments reveal the photochemical production of NO
and NQ in and above surface snow at polar and midlatitude
regions>—8 The photochemical lability of the nitrate incorporated

The experimental setup is shown in Figure 1a,b. Nitrate-doped
ice deposits were prepared by spraying precooled K{her
Scientific) solutions of variable concentration at pH6 on a
gold-coated cylindrical coldfinger (CF; Figure 1b; total afea
= 182.2 cm) maintained at 248 K by coolant circulation. The
into cirrus clouds is also relevant to various atmospheric ice-covered CF vv_as_then sealed. inside a quartz sheath (Q.S) and
processes regulated by the partitioning between Aigi NG the array placgd inside a reflective alumlnum chamber (Figure
Species 1a). Ice deposits were bro_ught_ to the desired temperature (268,

P ) 263, or 248 K) and then irradiated by three Hg Pen-Ray UV

Laboratory studies confirm that ice surfaces can eﬁic[ently lamps (UVP, modal 90-0001-04), symmetrically located around
remove HNQ from the gas phase. However, although nitrate he QS, emitting at = 313+ 20 nm. The stability of the lamp

photolysis in aqueous solutions has been extensively investigate utput during the (necessarily) long experiments was monitored

! X . 14 .
It:ler;[g\?iotjngnitr?[g ir?\i/c_eBar:gg;ﬁgi undtgr?ar?’lr;)ci)(tecr)\(t:hc%r::jcigl)ns with a photocell (UDT Sensors, model PIN UV 100L) attached
to the top of the aluminum chamber. The chamber was flushed

prevalent at high _Iamudes remains an open ISsue. sl Paper, ith dry air to prevent moisture condensation on the outer QS
we report quantitative data on nitrite formation and NO surface

emissions during the 302 nm band photolysis of nitrate in spray- o _ 4
frozen aqueous solutions as a function of temperature, nitrate 'Ege E?oton ﬂlg( mud_ent(;)r}to the Q&’_ 9.8 x 10“*photons
concentration (in the mM range), and ice layer thickness. We cm™* s, was determined from actinometric measurements
find that primary quantum yields for N@nd NG~ production using a potassium ferrioxalate solution fllllng_ the QS at 2.98
in ice are comparable to solution phase values. However, theK:'> The photon flux actually absorbed by nitrate-doped ice
photodecomposition of the N®ejected by the solid under dim lang~ was evaluated (see below) from the rates of 2-nitroben-
sunlight competes favorably with NQliffusion in ice over za!deh_yo_le (Z'NBA) photoisomerization into 2-n|Frosoben20|c
submillimeter lengths, limiting its release into the gas phase. 2¢id Within the ice layers. The latter were also obtained by spray-
freezing a 33uM aqueous 2-NBA solution, which has an

* To whom correspondence should be addressed. Phone: (626) 395-absorbance comparable to nitrate solutions in the relevant

4391. E-mail: mrh@its.caltech.edu. spectral range, onto the CF. We assume that the intramolecular
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@) absent af > 300 nm1° The O atoms generated in reaction 2
may react with @ ([Ozlwater ~ 0.3 mM) via reaction 3 or,

4 preferably, with nitrate via reaction 4 at [NQ > 5 mM. Nitrite
(emax = 22.5 M~ cm™t at 360 nm) will undergo secondary
photolysis, reaction 5, and oxidation by OH radicals, reaction
6:

0,+0CP)— 0, ki=4x10M ‘st (3)

NO,  +O(P)—NO, +0, k,=2x1FfM*s* @

NO,” + H" + hv — NO + OH (5)

Coolant

'\\,ll

Gas flow —= _—

(b)

NO,  + OH—NO,+OH k;=2x10°M*s " (6)

The excitation of the N@ n — x* band in aqueous media,
that has a maximum decadic absorption coefficieninef- =

7.5 M~1 cm™! at 305 nm, leads to the formation of OH and
O(P) in relatively low quantum yieldsp; ~ 9 x 1073, ¢1/¢»

~ 9. ¢y increases at shorter and longer wavelengths within the
n— s* band and increases by a factor of 2.2 between 273 and
308 K4

CF

When aqueous solutions are frozen, solutes are largely

U— Qs segregated from the ice pha8eSpray-freezing involves the
Figure 1. (a) Scheme of the experimental setup. 1. Reaction cell (see rapid _goolmg of solution microdroplets upon contact with a
Figure 1b); 2. N@ condensing trap; 3. Reflective reaction chamber; 4. borosilicate surface at 248 K. Each frozen droplet, covered by
Circulating cryostat; 5. Molecular sieve at 77 K; 6. Pen-Ray UV lamps  the rejected solute, provides the substrate on which new droplets
nominally emmiting at 313 nm; 7. Flow meter. (b) The reaction cell. freeze in turn. Thus, the solute is microscopically, rather than
CF: Gold coated CF. QS: Quartz sheath. molecularly, dispersed in the ice at the grain boundaries or

photoisomerization of 2-NBA in ice, as in all of the phases in interst_itial pores. These conditipns are consfidered to Qmulate
which it has been studied, has a quantum yieldgf = 0.5, the microscopic and mesoscopic sqlu_te environments in snow
independent of temperatut:18 The concentrations of 2-NBA ~ deposits and cirrus clouds. The ieair interface, such as the
and 2-nitrosobenzoic acid were determined, after thawing, by Surface lining the interstitial pores, is known to be covered by
high-pressure liquid chromatography (HP 1090) with ODS & quasiliquid layer whose thickness varies, for example,
hypersil and Pinnacle IBD columns. The eluent was a 20:80% between ca. 40 nm at 268 K and ca. 15 nm at 248 K in ice
mixture of methanol and water, and the wavelengths of the produced by freezing 10 mM KCI solutioAsTherefore, upon
detector were set at 235 and 320 nm. spray-freezing mM KN@solutions into ice particles larger than
Nitrogen dioxide produced photochemically and released into a few micrometers, the solute accumulated in the liquid film
the gas phase was swept out of the irradiated zone by a steadyyill exceed the eutectic concentration: [KNO~ 1 M (Teutectic
helium flow (~10 cn® min~*) and condensed downstream into = 270.2 K)22 These considerations suggest that the photolysis
a trap maintained at 77 K, in which 1 émf a 0.1 M NaOH ot NO,~ in spray-frozen ice will largely take place in a liquidlike
solution haq .been previously frozen. The helium (QHP) Camer fim and, by analogy with liquid-phase experiments, will
was p.repur|f|ed by passage through' molecular sieve at 77 K. generate N@and NQ~ as primary photochemical products with
Experiments were terminated by turning the lamps off and then local quantum yields of the order of 1%. Actual quantum yields

thawing the ice deposits by raising the temperature of the CF . . . . .
under carrier flow. The condensing trap was then evacua’ted,\.’vIII be ultimately determined by the extent of light penedration

sealed, thermalized at 298 K, and kept in the dark for about 12 Into .the medium, and by the probability of N@scaping from

h to allow any NQ present to dissolve into the NaOH solution. the ice network.

The contents of this trap, as well as the melted ice left in the  We probed light transmission through the ice layers by means

QS, were then analyzed for nitrite using the Saltzmann rea@ent. of the in situ photoisomerization of 2-nitrobenzaldehyde into
2-nitrosobenzoic acid, an intramolecular process whose quantum

Results and Discussion yield is phase-independelft:18 We found that photoisomer-
The 4 > 300 nm photolysis of nitrate in aerated aqueous ization rates in spray-frozen 38M 2-NBA solutions, as
solutions at pH< 6 proceeds via two pathways: determined from the yields of 2-nitrosobenzoic acid in the melt,
are independent af, confirming uniform rates of light absorp-
NO,” +H" + hv — NO, + OH (1) tion across the deposits depth. Limited light penetration would
have led to smaller isomerization quantum yields in the thicker
NO;” +hw—NO, + oCpP) 2 layers. The same observation applies to the stationary nitrite

concentrations reached in the photolysis of 10 mM Kis@ray-
Peroxynitrous acid, ONOOH, the product (not shown) of yet frozen solutions at 263 K (Figure 2). The evolution of [ND
another possible channel at shorter wavelengths, is apparentlyin the photolysis of N@™ is given by
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Figure 2. Photostationary nitrite concentrations [WQsas a function
of ice layer thicknesd at different nitrate concentrations [NQ/mM:
0 (open circles), 10 (open squares), and 50 (open triangles)263
K. Solid lines are linear fits. [N@]ssis considered to be independent
of d within the experimental error.

d[NO, ]

. Plano- T Pelano ~ ke[OH]{NO, ] =

¢2|a,N03- - kdeca)[NOZ_] (7)

where thely's are the absorbed photon rates (in photonstm
s71) the¢’s are the corresponding quantum yields, and [Q

is the rapidly attained steady-state OH radical concentration
during the photolysis. Becausgno,~ [ [NO2 ], integration of

eq 7 leads to

[NO, ] = {11 — exp(-bt)] (®)
wherea/b = ¢alano,—/KdecayaNdb = Kyecay A fit to the [NO,™]
vs time data in the photolysis of [NO] = 10 mM at 263 K
(Figure 3) yieldsa = 3.9 x 1001M s tandb =5.3 x 1073
s L. Therefore, an estimate &f nos- Will provide a ¢, value.
As mentioned befordg nog can be calculated from 2-NBA in
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Figure 3. Nitrite concentration as a function of irradiation time. [NQ

= 10 mM, 263 K. Open circles are data points. The solid line
correspond to [N@] = 7.35uM x [1 — exp(—0.19)]. Photostationary
nitrite concentrations are approached after about 10 h.
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Figure 4. [NO,]ssas a function of [N@T] in nitrate photolyses: in

ice at 268 K (open triangles) and 263 K (open circles), in the presence
of 10 mM CH;OH as radical scavenger at 263 K (full diamond), and
in the liquid phase af ~ 285 K (full triangle). The full circle is a

situ photoisomerization rates. The increase of 2-nitrosobenzoicdark experiment at 263 K.

acid concentration with irradiation time indicated that a frozen
33 uM 2-NBA solution absorbs (7 1) x 10 photons [£1

s L. To calculatel,nos- from this result, it is necessary to
evaluate the average extinction coefficiertglof the various
species over the lamps output spectifm:

335nm
3= 295nm6i,lllamp(/1) di
i 335nm

295nm I|amP(;L) di

whereliamA) is the lamp emission intensity atande; ; is the
absorption coefficient of speciést 1. We find thatléno, =
2.2 M1 ecm! andér_ngald= 976 M~ cm~1. Hence, from

9)

lano,- _ léno,-H [NO, ]
laz-nea  [€-ngalI2—NBA]

we obtain hno, = (4.9 &£ 1.1) x 10 photons ! s for
[NO37] = 10 mM. Thereforegr = ¢no,” = dlano = (4.8 +
1.5) x 10°3. This value is within a factor of 2 of the previously
reported quantum yields of nitrite formation in the> 300 nm

(10)

presence of 10 mM C§DH as radical scavenger at 263 K, and
in the liquid phase T~ 285 K. It is apparent that [NO]ssin
the liquid phase at [N@] = 10 mM is about a factor of 2
larger than in ice at 268 K.

In contrast with the results of Figure 2 for nitrite, the NO
fluxes into the gas phase in the same experiments are nearly
independent, or slightly falloff witld (Figure 5). In other words,
NO, emission rates remain constant despite of the fact that more
nitrate is photolyzed in the thicker ice layers. The inevitable
conclusion is that only the NQOproduced in the upper region
of the ice deposits is able to escape into the gas phase. Actually,
with [no,[= 210 M1 cm™?, calculated by means of eq 9 from
literature NQ absorption cross-sections in the gas piase,
secondary photolysis appears to be the main fate of trapped NO

NO, + hv — NO + OCP) (11)

Nitric oxide, the product of reaction 11, is undetectable by
our analytical procedures. In Figure 6, we preséqs, as a
function of [NG;™] at three ice temperatures, as well Bso,
data for dark experiments, in the presence of 10 mM;QHi,

photolysis of aqueous nitrate solutions in the presence of radicaland in the liquid phase=no, from liquid-phase photolysis at

scavengers at room temperaturgio,” ~ 6 x 1073127 |n
Figure 4, we show [N@]ssas function of [N@™] in photolyses
at 268 and 263 K, as well as in a dark experiment, in the

283 K are more than a factor of 3 larger than in ice at 268 K,
a result that reflects the competition between the highep NO
solubility and faster diffusion in the fluid medium. Because



Nitrogen Dioxide Release

25

2.0 4

—_—

A

U\Dﬁ\ﬁ\

2 -1
F(No,) (fmol emi®s™)

0.5 -

(o]
L2

250

o
A4

D
\S A4
0.0 T

T T T T T
50 100 150 200 300 350 400 450

Ice thickness/um

Figure 5. NO; flux, Fno, as a function of ice thicknesbat different
[NOsz7)/mM: 0 (open circles), 10 (open squares), and 50 (open
triangles).T = 263 K. Solid lines are linear fits.
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Figure 6. NO: flux, Fno, as function of [NQ] in photolyses in ice

at 268 K (open triangles) and 263 K (open circles), in the presence of
10 mM CH;OH as radical scavenger at 263 K (full diamond), and in
the liquid phase at ~ 285 K (full triangle). The full circle is a dark
experiment at 263 K.
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Figure 7. Apparent quantum yield of N&production from irradiation

of 10 mM nitrate doped ice as a function of temperature. Average ice
thicknesses vary between 12 at 268 K, 224/m at 263 K, and 176
um at 248 K.
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about 40% of the released N photolyzed during its residence
time ([ = 17 min) in the illuminated zone at typical carrier
flow rates, we consider that the actdalo, values at the ice
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becauserno, remains nearly constant down tb~ 100 um,
implying thatg; > 2.6 x 1072 at [NO;"] = 10 mM, 263 K.

If one assumes that the thickness of the thinnest ice layer
from which 50% of the N@ produced photochemically can
diffuse into and be detected in the gas phase is athgit- 50
um, then it is possible to estimate an effective diffusion
coefficient of NQ in spray-frozen ice fronD'yo, = dmin?/(27)
~ (5 x 103 cmp/(2 x 1275s)=9.8 x 10 %cn?s !, and a
primary quantum yield of; > 5 x 1073, The latter is in good
accord withgon ~ 5 x 1073 (the value estimated by extrapola-
tion of the data of Zepp’s et al. to 263 K oy ~ 3 x 1073
(similarly extrapolated from the data of Jankowski et #land
¢on ~ 7 x 1073 (as measured by Warneck and Wurzinger in
the presence of 1 mM scavenger at room temperaté@h
the other hand, the estimated value of the effective diffusion
coefficientD'no, is intermediate betweebnon ~ 2 x 1074
cn? s tin bulk ice at 258 K an®non ~ 3 x 107 cn? s ton
ice surfaces below 253 K27 The main conclusion is that only
the NG produced within~50 um of the ice/air interface is
actually released into the gas phase.

The temperature dependenceggffor [NOs~] = 10 mM,d
= 200um (Figure 7), is given by

2187

=542 =

T (12)

loge)
which should provide a guide to NGluxes under specific
conditions. The stronger temperature dependenEg@frelative
to nitrite photochemical production (Figure 4) under the same
conditions could be ascribed to the enhanced probability of NO
escape from the solid and/or the thicker liquid films prevalent
at higher temperatures. Further work addressing these issues in
underway.

Atmospheric implications

Polar Boundary Layer. Snowpacks are highly reflective
disperse materials (effective UV albefo~ 0.90-0.95)28 that
consist of ice microparticles comprising about 40% of the total
snow volume. The actinic solar flux penetrating into the
snowpacks is partially absorbed by pure ice, and by impurities
(e.g., organic matter), leading to overall decadic snow absorp-
tivities . ~ 5—50 nT1, before being backscatteré&?® Nitrate
itself present in submicromolar concentrations is a minor
chromophore in snowpacks. Therefore[Jf[Jis the average
solar flux at the surface of the snowpack, the photon flux
absorbed by nitrate in a snow column of depil given by

L ENO{[DNO{]
DNO3,Er= J,{1—10 )T (13)
from which the maximum possible N@lux released from the
snowpack can be calculated as
Fno, = ¢18o, U (14)
Jones et al. repoffno, = 4.2 x 10" molecules cm? st
from | = 20 cm cubic blocks of natural snow containing [NQ
= 30 ng/g= 0.8uM, at 266 K, under a solar irradiance @
=30 W nm2=5 x 10' photons (A00= 337 nm) cm?2s71, at
the Neumeyer Antarctic station (78, 8 W).8 Assumingo. =

surface are a factor of 1.67 larger than determined experimen-0.15 cnt? and a snow density af = 0.4 g cn13 (i.e.,| = 20

tally. Therefore, we estimate an apparent quantum yield for NO
release:d)l' = (ﬁ'No2 = 1.67 Q:Nozld)/la,NO{ = (12 + 09) X
102 at [NO;7] = 10 mM, d ~ 220um, 263 K. However, the
primary quantum vyieldp; is expected to be somewhat larger,

cm x 0.4= 8 cm in eq 13), withléno, 0= 0.54 M1 cm™?®
between 290 and 385 nm (i.e., the spectral interval over which
[J,00s measured), we obtaifyo, = 1.4 x 10'° photons cm?
standg) = 3 x 1078, i.e., within a factor of 2 of thep,'
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value we find for [NQ™] = 10 mM in ice. The accord is (8) Jones, A. E.; Weller, R.; Wolff, E. W.; Jacobi, H.-W&eophys.
: i - ; : Res. Lett200Q 27, 345.

certalnl_y within the uncertainties assoc_lated with the 'assumed (9) Mark, G.: Korth, H. G.: Schuchmann, H. P.: von SonntagJC.

properties of snow and the assumed independencg’abn Photochem. Photobiol. A: Cheri996 101, 89.

[NO3~] below 10mM. (10) Mack, J.; Bolton, J. RJ. Photochem. Photobiol. A: Chert999
Cirrus Clouds. It was suggested recently that the overpre- 128 1. o _ , ,

diction of the [HNQ]/[NO,] ratio in the upper troposphere by 21(}1}1)3 Zepp, R. G.; Hoigne, J.; Bader, Hrwiron. Sci. Technol1987

current models coulq be dqe to .the'photochemical CONVErsion '(12) Warneck, P.; Wurzinger, Q. Phys. Chem1988 92, 6278.

of HNOs into NO, on ice particles in cirrus cloudsTo evaluate (13) Alif, A.; Boula P.;J. Photochem. Photobiol A: Cherti991, 59,

this suggestion, we used the quantum yield measured in the357i4 Jankowski 3. 3. Kieber. . 1. M Rbotocher. Photobiol

present study to estimate the production rate of, N@ this 19599 )70 B o S FEDEr, B < Mopper, Fhofoehem. Fotobior

pathway. We calculate a maximum production rate of 4&NO (15) Calvert, J.; Pitts, J. NP hotochemistryWiley: New York, 1966;

molecules cm?3 s~! under optimal conditions, i.e, at constant p 783.

cirrus cover with a surface area of 2 1074 cnm? cm 330 (16) Pitt, J. N.; Hess, L. D.; Baum, E. J.; Schuck, A.; Wan, J. K. S.
complete adsorptich of the extant 400 pptv HN@concentra- Photochem. Photobioll965 4, 305.

-omp P JU pp oncentra (17) George, M. V.; Scaiano, J. . Phys. Chem198Q 84, 492.

tion at 10 km altitude, 35N,32 an actinic flux of(J;= 1.6 x (18) Filby, G. W.; Gunther, KZ. Phys. Chem. Neue Folg®81, 125,
106 photon cm? s~ over the range 299380 nm?* anddno, [ 21.

= 9 x 1022 cn® molecule’. Considering that [Ng ~ 40 (19) Saltzman, B. EAnal. Chem1954 26, 1949.

_ . (20) Gross, G. W.; Wong, P. M.; Hume’s, KI; Chem. Physl977, 67,
pptv ([NOz] = [NO, — [NO] as measured at 10 kr#} this 5264. (b) Gross, G. W.; Gutjahr, A.: Caylor, K. Phys. (Paris)L987, 48C,
flux corresponds to a NQlifetime of 68 days, which is much  527. (c) Dash, J. G.; Haiying, F.; Wettlaufer, J.F&p. Prog. Phys1995
longer then the actual lifetimes 45 days) in the upper 58 115

1 ; : : (21) Doppenschmidt, A.; Butt, H.-Langmuir200Q 16, 6709.
trOpOSpheré' Thus, the NGH/NO; recycling via absorption (22) Seidel, ASolubilities Van Nostrand: New York, 1940; Vol. 1, p

and photolysis on ice particles does not seem to resolve thegss.
discrepancy between the predicted and measured fHNO,] (23) The spectrum of the lamps (model 90-0001-04) was provided by
ratio. the manufacturer (UVP).

(24) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F;

Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
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