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Potential Role of the Nitroacidium lon on HONO Emissions from the Snowpack
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The effects of photolysis on frozen, thin films of water-ice containing nitrogen dioxide (as its dimer dinitrogen
tetroxide) have been investigated using a combination of Fourier transform refleatisorption infrared
(FT-RAIR) spectroscopy and mass spectrometry. The release of HONO is ascribed to a mechanism in which
nitrosonium nitrate (NONO;3™) is formed. Subsequent solvation of the cation leads to the nitroacidium ion,
H,ONQO', i.e., protonated nitrous acid. The pathway proposed explains why the field measurement of HONO
at different polar sites is often contradictory.

Introduction NO,” +hv—NO,+ O~ (1)
The polar snowpack can have a major influence on the _ _

overlying atmosphere. It does not appear to inhibit emissions NO; +hv—NO, +0O )

from land and ocean surfaces, as might be thought simplistically; _ N

rather there is increasing evidence that it can act as a source. NO, +H;O" < HONO+ H,0 3)

Indeed, for some years it has been recognized that impurities

present in Arctic snow can be photolyzed to release reactive The proposed reaction sequence is analogous to that often
trace gases into the boundary layer. As outlined below, the Suggested to proceed in solutibnHowever, the efficiency of
chemical mechanisms by which these processes are driven havéeaction 2 is extremely low with a measured quantum yidiji (
been investigated in the laboratory using a number of techniques®f @bout 0.001. In contrast, reportedh values for NQ

to explain unusual field observations. In this regard, one of the Production are some X100 times greater than the nitrite-
most intriguing recent findings has been the periodic detection forming route:? In these experiments, initial excitations into
of NO, and HONO emissions from certain sunlit snowpacks P°th the strongemz* state and the lower energy, weakern
located at the poles. The phenomenon was first encountere tate _Of t_he nitrate ion have been investigated. Although_the
during summertime at Summit in Greenland during the PSE98 latter is directly populated on the snowpack by solar rad'f‘t'on’
campaign by Honrath et &lThe findings were subsequently it would also be rapidly formed after absorption into the

; . state via the process of internal conversion. In fact, the product
confirmed by a number of other measurement campaigns. For . e ) !
. Y observations are in line with the general expectation thét n
example, noon-time HONO fluxes of8.0 nmol nT2 h~1 were

found at Summéduring 2000 and cai0 nmol T2 h-1 fluxes photochemistry leads to bond breaking wheraa$ photo-

. . . . chemistry leads to isomerization. In summary, the direct
were later determined at Alérin the Canadian High Arctic y y

duri d th ity f liah . h production of HONO via reaction 3 might be expected to be
uring 2000. Beyond the necessity for sunlight to initiate the oy jiqinle at the poles if the photolysis of nitrate ions was indeed

releases, the presence of acidified snow also appeared, in they, o yiving force, especially with the solar fluxes and absorbance
earliest studies, to be a common factor. Thus the absence Ofvalues involved.

measurable HONO fluxes in the marine Arctic at Niesund However, the fact remains that HONO is formed at the poles
was attributed to the presence of local alkaline snow surf‘hceg. and its subsequent photochemistry can lead, in principle, to the
However, recent data obtained at a Southern Hemisphere siteformation of OH radicals, above snowpacks in sunlit conditfons.

in BrOWning Pass, Antarcti(,%jndicate that fluxes of nitrous These would be produced either by direct photo|ysi3 of the
acid were measured to be close to zero even though both acidiqONO product in (3) or from O ion reaction with any

snow and abundant UV light were present. Clearly, much more hydroxonium ions present.
polar field data are required to establish the full conditions for
HONO release. H3O+ +0 —H,0+OH (4)

In the meantime, a number of laboratory-based experiments
have been undertaken by various research groups to clarify the Another route for the production of OH radicals is the
potential chemical mechanisms, which may operate in the field. photolysis of hydrogen peroxide present in snow. In fact, it has
Both water-ices and artificial snows have been investigated and,been shown that the pathway is some-100 times more
from the results obtained, a photolysis-driven process involving efficient than the corresponding nitrate photolysis route for OH
acidified nitrate and nitrite ions appears to opefaf€. The radical productiod® Actual field emissions will therefore depend
chemistry is summarized in reactions-3. on relative concentrations of the two potential sources.

10.1021/jp068264g CCC: $37.00 © 2007 American Chemical Society
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The photolysis of artificial snow created frobasic nitrate a reflection-absorption infrared/temperature programmed de-
ion solutions has been reported to lead to greatly enhanced NOsorption (RAIRS-TPD) study of N©on water-ice.
to NO, yields compared to more acidic counterparts where the
ratio is reversed. This finding is suggested to originate from Experimental Section
the interplay between nitrate ions and their nitrite ion photo- ) ) ) )
products® The latter species absorb sunlight to a much greater  The experimental setup has been described in detail else-
extent than the parent in the solar output region between 315Where;” and a brief description is given here only. The
and 350 nnf. Reactions 1 and 2 would therefore become Measurements were made using an ultrahigh vacuum chamber
superseded by reaction 5 in alkaline environments. (UHV) fitted with vacuum compatible KBr windows in the
optical path. The vacuum was maintained by an Edwards EO4
cryo-cooled oil diffusion pump, backed by a rotary vane
pump: the resultant base pressure waséIbar or better. A
] gold-foil substrate was placed in thermal contact with a liquid

It has also been proposed that the production of the perox- pitrogen reservoir through tungsten rods and suspended inside
ynitrite ion, OONC', formed as a result of “cage-recombination”  the vacuum chamber. The foil was heated resistively and cleaned
on reaction 1 might also occur. This ion is stabilized in alkaline by heating to 500 K between experiments. For RAIRS measure-
conditions and can be photolyzed to give R®@he sequence  ments of the surface species, a Bruker Vertex 70 FTIR

NO, +hv—NO+ O~ (5)

is shown as reactions 6 and 7. instrument was used with a liquid nitrogen cooled HgCdTe
detector. IR spectra were collected at 4émesolution and 64

{NO,+ O} - OONO" (6) scans averaged. The UHV chamber was also fitted with a

guadrupole mass spectrometer (EPIC 300, Hiden Analytical UK)

OONO +hyr—NO+ 0, (7) for gas-phase analysis of chemical release from the frozen

substrates, using electron impact ionization with 70 eV ioniza-

In fact, there is good experimental evidence for the formation t|on'potent|all. ) )
of OONO™ ions upon photolysis of nitrate ions in aqueous Nitrogen dioxide, 99.5% pure, was obtained from Merck Ltd.

solution albeit at wavelengths much lower than those encoun- 2nd used as received. The water used was of Millipore quality
tered in the snowpack and also on a very rapid time scale when@d degassed by repeated freegamp—thaw cycles.

the wr* state is being directly probed. Hence, femtosecond ~ The gases and vapors were admitted to the chamber through
transient absorption spectroscopy has shown that the formationdlass dosing lines using manual or piezoelectric pulse valves
of OONOC, in its cis-isomer, represents 44% of themary and directed onto the gold substrate held at low temperatures.
photoproduct when irradiation at 200 nm is performed. Subse- Dosages were measured in langmuir (1 langrsuit0~° Torr
quent relaxation back to the nitrate ion is measured to be S = 1.33 mbar s). For “mixed ices” a co-deposition process

efficient but some of the isomer dissociates into NO and the Utilizing two or more compounds was developed. It entailed
superoxide iort simultaneous exposure of appropriate vapors from separate

vessels containing the chemicals to the substrate. Mixing ratios
®) were determined by pre-setting the piezoelectric pulse valve
pulse widths for each reactant at room temperature. The pulse
valves were then activated simultaneously with the desired total
dosing pressure being controlled by the frequency of pulsing.
Typical deposition conditions involved dosing at 7260
The @ of photoreaction 8 has been measured in aqueouslangmuirs. The temperature of the substrate was continually
solution as 0.1, a value equivalent to that measured for the monitored and was varied between 100 and 500 K during
production of nitrogen dioxide in reaction'd Furthermore, in experiments.
on water-ice, it has been shown, by use offfik spectroscopy,  ORIEL (model 60010) was employed as a broad light source

that ammonium nitrate photodecomposes to OON@s. In splar mimic. The sample was irradiated through a quartz window
contrast, the photolysis of frozen nitric acid hydrates was shown gn, the chamber.

to lead only to the formation of molecular nitric acid in a proton-
transfer mechanisi?.
The effect of pH on the photochemistry of the system is
certainly complex because the simple equilibrium step shown NO;on Gold. The IR spectra gbure NO, samples condensed
in reaction 3 does not describe the system over the full rangeonto the cold gold substrate, before and after photolysis, are
of pH encountered on polar frozen surfaces. Hence, aqueousshown in Figure 1. Sharp features at 1300 and 785cm
solutions of nitrite ions are not observed, by Ywvis spectros- accompanied by a weaker doublet at 1760/1731'are readily
copy, to be free of nitrous acid contributions until a pH of ca observable in Figure 1a following deposition of hat 115 K.
10 is reached; between pH 3 and 10, varying mixtures of the These bands are, in fact, due to g, symmetric dimer of
strongly UV-absorbing species HONO along with NQons nitrogen dioxide, MO4. They have been previously assigned
are present; and at pHs below 3, protonated HONO, i.e., theby several researchers as h¢NO,), 6(NO,), andvadNOy,),
nitroacidium ion, HONO", appear3$ modes respectiveRf20 Indeed, the RAIRS relative band
Undoubtedly, the photolysis of nitrate ions in/on snowpack intensity measurements are consistent with Bg-N>O4
is involved in the observed field measurements but, given the molecules being adsorbed to the surface with their centrallN
varying field observations and the reactive nature of the nitrogen axis aligned perpendicular to the surf&éélhe dimerization
dioxide product, its potential involvement in the HONO release occurs readily because the equilibrium process, 2NN,0,,
mechanism from frozen surfaces would also appear to be worthis highly temperature-dependent and, at the concentrations
further experimental investigation. Hence, we describe below employed in these experiments, is pushed efficiently to full

NO,™ + hv — ONOO"

ONOO — NO + 0,” )

Results and Discussion
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Figure 1. Spectra of N@deposited on gold at 115 K (a) and following ~ deposited at 110 K (a); same film after 60 min UV photolysis (b);
20 min UV irradiation (b) and 70 min UV irradiation (c). The inset same film annealed and held at 190 K (c). Capital letters refer to band

shows expanded view of the region 23aB00 cnt’. Arrows in the groupings as discussed in text.

inset indicate bands at 2217 and 1961 &ndiscussed in text.
observed previously for nitrogen dioxide dimers. For example,

associatiorf? Indeed, no spectral evidence for the presence of yeactive zeolite surfaces apparently promote the reaction by
N%ﬁmm‘;mt"?s on ;f:ﬁ slurfatce was tObtafl'rIEd.d Cedab autoionisatio® as do polluted water film%

er photolysis of the low-temperature films described above, "
three main sets of IR bands were recorded (Figure 1b). The NG on Water_—lce. Co-deposition of N@and water_vapor
first consists of two peaks observed at 1961 and 2217'cm onto the gold f0|I_ supstrate held at 110 K resulted n the IR

. - . . spectrum shown in Figure 2. Hence, before photolysis a strong
Their relative absorbances depend upon exposure time with thegrouping of bands with similar absorbance values appear at
latter band clearly growing at the expense of the other. Such -
behavior indicates that secondary photochemistry is occurring, 1765/1745, 1269, gnd 765 ci(group A in Figure 2), although
and indeed, after prolonged photolysis time, only the higher t_he Igtter feature is somewhat obscureo_l by the broad water
wavenumber peak of the two is seen to remain (Figure 1c). This lorational mode. Such a RAIRS spectrum indicates thaDigie
photochemistry is readily explainable in terms of the initial N2O2 molecules are not ordered on the cold surface; rather, they
production of the D'-N,Oj, dinitrogen tetroxide dimer, ~ Should be considered as an amorphous dispersion within the
ONONO;. This species is subsequently photolyzed to produce Water-ice matrix. Much weaker features at 1866 and 1595'cm
the nitrosonium ion, NO. The solid-phase infrared spectra have (group B in Figure 2) are again observed and represent the
been reported previously for both these species with the bandPresence of very small amounts of NO angDyl Weak bands
at 1961 cm! corresponding almost exactly to that determined at 1303 and 1422 cnt are also apparent and due to the
fortheD'-isomer trappedin alow-temperature argon mafa2 26 formation of the nitrate ion.

A second group of IR bands are measured at 1420, 1337, One hour photolysis of the ice film results in almost the
1035, and 823 ct; these can all be assigned to nitrate ions. complete loss of the strong grouping of IR bands. In addition,
Finally, a third set of bands, much weaker in intensity than the new bands appear at 1430, 1341, and 1044cfgroup C in
above features, are observed at 1864 and 1590.cithey Figure 2). Very weak bands at 3525, 3225, and 2748cane
represent, respectively, clear diagnostics of the formation of 3lso measurable in absorbance difference spectra. A rather weak
NO' and subsequently the asymmetric form of4> Both band at 2230 cmi is also apparent and is both blue-shifted
species are expected to be formed at low concentrations in thegng proader than the feature at 2217¢émssigned to NOin
chemical system investigated here from homolytic photolysis e water-free experiments. Such a spectral change is a good
of any of the nitrogen oxides present. _ . indication of the bare ion becoming solvated or linked to another

The_above results indicate that photolysis of nitrogen dioxide species. Indeed, the blue-shift behavior has a clear analogy with
deposited on a low-temperature gold surface proceeds aSthe isoelectronic CO and GEH,0 systemg® Here matrix
follows: isolated CO displays its IR fundamental at 2138 ¢nmwhereas

D,-N,O, (ads)+ hv — ONONO, (10) its Water-partne_red counterpart absorbs at 2149cm
Upon annealing to temperatures between 150 and 210 K a
oA - number of important spectral changes are observed. The largest
ONONG, + hw = NO™ + NO; (11) changes are observed at temperatures above 180 K when many

Annealing the surface to 210 K causes the IR spectrum of 0; the IR g%gdi bﬁglgztgobiﬁlqofst. of pgrtllcular no te; |s_me fact
the photolyzed thin film to change abruptly to one consisting that near the I eature Is lost ef‘“re y. 1hese

observations clearly indicate that some chemicals are emitted

of a single strong band at 1386 cfaccompanied by two i .
weaker features at 2229 and 1035¢mAt 220 K the smaller from the surface and possibly transformed by the warming
4process

features are lost, leaving only one strong band remaining at 137

cml These shifts originate with a change in phase, from  To clarify the nature of the emissions, the mass spectrometer

amorphous to crystalline, for the nitrosonium nitrate species was employed to monitor the gas phase in parallel to the

formed in reaction 11. The transition has been discussed in detailcollection of the RAIRS data. A solid water-ice surface was

previously by Givan and Loewenschifés. first deposited and warmed to 210 K. This control experiment
Thermal analogues to the photoprocesses discussed abovded to the detection of only one signalratz = 18, which is, of

which lead to the formation of the nitrosonium ion, have been course, due to kD. Photolyzed MO, ice films were then
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Figure 3. Thermal desorption profiles of N@nd HO subsequent to 110 K and photolyzed for 70 min with a top layer of water ice added
photolysis ofD2-N;O, in water ice. The mass spectral sigmalz = subsequently (a); same film annealed and held at 190 K (b) and 200 K
17 has been corrected for the contribution from water using the water (C)- Nitric acid deposited at 115 K and annealed to 200 K (d) is shown

fragmentation pattern 74%/z = 18, 17%m/z = 17. The peak positions  for comparison.

of mz= 17 are 170, 200, and 210 K. The peak positione# = 47

is seen at 205 K. The peak positions of the water signé& € 18) are .
Taken together, the IR and mass spectrometry results indicate

190 (shoulder), 200, and 210 K, and the peak positiomv/af= 30 is
205 K with a minor peak at 197 K. that the following mechanism operates in a water-ice thin film:

NO™ + H,0 — {(H,O)NO} * (12)
warmed and led to detectable gas-phase fragmentsmiith-
17, 30, 46, and 47. These being in addition to the signature + . +
signal of water detected at'z = 18. In parallel with the IR {(HONG}" + H,0 = HONO + H,0 (13)
measurements, the largest increase in signal begins at about 180 i _ Lo
K. The most likely identities for the fragments in the system H;O" + NO; —{H;O'NO; } (14)
studied here are OH(M/z= 17), NO" (m/z= 30), NG;" (m/z )
= 46) and HONO (mz = 47). In the_overall process, I\_rt)p_rodu_ced on the ice surface by

photolysis of the nitrogen dioxide dimer becomes solvated with

To investigate the processing in more detail, a temperature - S -
programmed desorption (TPD) experiment was then carried outWTIter and |shthen hyﬁrolyzed to HONOr’] Wh.'Ch Is efficiently .
between 150 and 340 K, employing a constant heating rate of re e‘.”‘sed to the gas phase. In contrast, the '.“'”a‘? component is

. A retained on the surface as NAT. The chemistry is presumably
approximately 0.8 K/s. The results indicate that the gas-phasein addition to the simple photodesorption event, producing NO
signal for them/z = 17 and 30 fragments increase gradually . th h b d by Riel t al h lenath
from 150 K, with the former maximizing at about 170 K. They In the gas phase, observec by Rieley et al. when wavelengins
X i . with 2 > 360 nm were usedt
increase further when thevz = 18 (water signal) starts )

. ) . As a caveat, the minor release of HONO observed between
increasing around 170 K. At about 205 K the signals for the 150 and 170 K in the TPD experiments can be explained b
fragmentsm/z = 17, 30, 46, and 47 reach a maximum: this hvdrolvsis of the small amount of th mmetric form o y
being the same temperature at which the IR band for the NO ydrolysis ot the small amount of the asymmetric form

? . L . . _present in the experiments, as previously discussed by Finlayson-
species is lost. The experimental behavior is summarized in Pitts 29
Figure 3. As an additional note, desorption of a sample film )
consisting purely of a mixture of NO and NQives two peaks ONNO, + H,0 — HONO + HONO (15)
in the m/z = 30 signal, at approximately 130 and 160 K.

An alternative method of prOdUCing the cold thin films was The important question arises: does the photochemistry
also employed. Here nitrosonium nitrate was formed initially discussed above have a relevance to the snowpack observations?
by photolysis of éD2r-N2O4 film and a layer of water-ice was  On ice surfaces, the monomer MBas an adsorption enthalpy
deposited on top. To promote mixing, the solid was then of —22 kJ/mol3? whereas the dimer D, has an adsorption
annealed to temperatures between 190 and 200 K. RAIRSenthalpy of around-40 kJ/mo#3 However, it remains a question
spectra were taken at all stages, and the most noteworthy infrarechf debate whether typical ppb concentrations of sN@&m
features observed in addition to bands, which can be assignedairborne sources of pollution could be transformed to the dimer
to the nitrate ion, were two strong bands at 3430 and 11368.cm  efficiently on cold, polar surfaces. Thus from the equilibrium
These features are similar to those monitored after annealing adata thefraction of N,O, formed in the gas phase in the ppb
nitric acid/water film to 200 K, as shown in Figure 4. NO, range would be~107 at 270 K and~104 at 210 K.

From previous RAIRS studies, the absorptions at 3430'cm  Neglecting differences in entropic contributions to the adsorption
and 1130 cm® can be taken as evidence for the formation of equilibrium constant between N@nd NO,, one can subse-
nitric acid trihydrate (NAT). The bands can be assigned to the quently calculate that thigaction of N,O4 on a surface would
v1,3(H20) andv,(H30™), oxonium ion modes of NAT, respec-  only range from 108 at 270 K to 0.4 at 210 K? On the other
tively.1® They persist at temperatures higher than that at which hand, computer modeling calculations have shown that nitrogen
the NO" species is lost,.¢., above~205 K. The continued dioxide dimer species are significantly more strongly bound to
presence of the main nitrate ion feature around 1425'cm  surfaces containinggOH groups than monomer counterpaits.

despite the loss of NOimplies that the oxonium ion then takes The fact remains that when sufficient concentrations of
over the role of counterion. nitrogen dioxide are present in snowpack regions, the surface
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chemistry described in the current experiments could operate
to act as the HONO and NO release mechanism. Such a pathway-
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(8) Boxe, C. S.; Colussi, A. J.; Hoffmann, M.; Murphy, J.; Wooldridge,
; Bertram, T.; Cohen, Rl. Phys. Chem. 2005 109 8520.
(9) Jacobi, H.; Annor, T.; Quansah, H. Photochem. Photobiol.

may well be important as the quantum yield of reaction 2 is so a.chem 2006 179 330.

low.12 Furthermore, the U¥tvisible absorption cross sections

(10) Boxe, C. S.; Colussi, A. J.; Hoffmann, M.; Perez, I.; Murphy, J.;

for low-temperature B4 have been measured to be consider- Cohen, RJ. Phys. Chem. 2006 110, 3578.

ably higher than nitrate ions in the important solar region around ;

350 nm3> A photolysis mechanism would then appear to be

possible from the above results, although a hydrolytic dispro-

portionation of NQ into nitrite and nitrate ions might also occur,
as previously discusséfl.
One potential source of significant quantities of frozen

(11) Mack, J.; Bolton, JJ. Photochem. Photobiol. A-Chef99 128

(12) Mark, G.; Korth, H.-G.; Schuchmann, H.-P.; von Sonntag,).C.
Photochem. Photobiol. A-Cherh996 101, 89.

(13) Chu, L.; Anastasio, Cl. Phys. Chem. 2005 109 6264.

(14) Madsen, D.; Larsen, J.; Jensen, S.; Keiding, S.; Thggersén, J.

Am. Chem. So003 125, 15571.

(15) Koch, T. G.; Holmes, N. S.; Roddis, T. B.; Sodeau, JJRPhys.

nitrogen dioxide originates from the photolysis of nitrate ions Chem.1996 100, 11402.

(via reaction 1) concentrated within ice “micropockets”. De-

pending upon acidity, the subsequent photoproduction of the

nitroacidium ion may lead to release of HONO, especially if

(16) Riordan, E.; Minogue, N.; Healy, D.; O'Driscoll, P.; Sodeau].J.
Phys. Chem. 2005 109, 779.

(17) Horn, A. B.; Koch, T. G.; Chesters, M.; McCoustra, M.; Sodeau,
J.J. Phys. Chem1994 98, 946.

no other reactants are present. However, if organic compounds (18) Wang, J.; Koel, B. ESurf. Sci.1999 436 15.

are present, the solvated NQnay, in preference, act as a
nitrosating agent® leading to little or no HONO release. Such

constrained micro-environments have been proposed to drive

(19) Wang, J.; Koel, B. EJ. Phys. Chem. A998 102, 8573.
(20) Jones, L. H.; Swanson, B. I.; Agnew, S.J.Chem. Phys1985
82, 4389.
(21) Koch, T. G.; Horn, A. B.; Chesters, M.; McCoustra, M.; Sodeau,

other polar-related chemistry, e.g., the release of interhalogens’- J: Phys. Chem1995 99, 8362.

to the troposphere, although it remains to be seen whether they

exist in actual snowpacks.
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