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Although heterogeneous chemistry on surfaces in the troposphere is known to be important, there are currently
only a few techniques available for studying the nature of surface-adsorbed species as well as their chemistry
and photochemistry under atmospheric conditions of 1 atm pressure and in the presence of water vapor. We
report here a new laboratory approach using a combination of long path Fourier transform infrared spectroscopy
(FTIR) and attenuated total reflectance (ATR) FTIR that allows the simultaneous observation and measurement
of gases and surface species. Theory is used to identify the surface-adsorbed intermediates and products, and
to estimate their relative concentrations. At intermediate relative humidities typical of the tropospheric boundary
layer, the nitric acid formed during Nheterogeneous hydrolysis is shown to exist both as nitrate ions from

the dissociation of nitric acid formed on the surface and as molecular nitric acid. In both cases, the ions and
HNO; are complexed to water molecules. Upon pumping, water is selectively removed, shifting the NO
HNO3(H-0), equilibria toward more dehydrated forms of Hjé&@nd ultimately to nitric acid dimers. Irradiation

of the nitric acid-water film using 306-400 nm radiation generates gaseous NO, while irradiation at 254 nm
generates both NO and HONO, resulting in conversion of surface-adsorbed nitrogen oxides into photochemically
active NQ. These studies suggest that the assumption that deposition or formation of nitric acid provides a
permanent removal mechanism from the atmosphere may not be correct. Furthermore, a potential role of
surface-adsorbed nitric acid and other species formed during the heterogeneous hydrolysjsimoftidO
oxidation of organics on surfaces, and in the generation of gas-phase HONO on local to global scales, should
be considered.

Introduction there is an organic layer on the surfaces of buildings and that
the composition of this layer changes with location as the air
masses move downwind. A particularly striking example of
heterogeneous tropospheric chemistry is the hydrolysis of NO
on surfaces, which has been recognized for many decades to
generate gas-phase HONC?®

Heterogeneous chemistry is important in both the lower and
upper atmosphereln the stratosphere, for example, reactions
occurring on polar stratospheric clouds were shown about two
decades ago to play a major role in the rapid destruction of
ozone at polar sunrise in the Antarctic. Current understanding
of heterogeneous reactions in the troposphere is more limited surface
than that for the upper atmosphere, due in part to the wide range 2NO, + H,0 ——HONO + HNO, Q)
of surfaces available for this chemistry, the thousands of

compounds present in air, and the variability in such parametersThjs reaction has been extensively studied because the HONO
as water vapor concentration, solar intensity, and meteorologicalgenerated is a major source of OH not only at dawn, but also
conditions. when averaged over an entire dfdy36
Despite these complexities, there is increasing evidence that Much less attention has been paid to the nitric acid produced
heterogeneous chemistry is important in the troposphere, andin reaction 1. Because it was not observed in the gas phase,
in particular in the boundary layer where increased surface areawhich could be more easily monitored in the early studies, HINO
is available in the form of buildings, roads, soil, vegetation, \as assumed to remain on the surface. This was supported, for
etc. For example, Diamond and co-workefshave shown that  example, by measurements of nitrate ions in water rinses of
— . . the chamber walls after reactiéhThe presence of molecular
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Figure 1. Schematic of the long patrattenuated total reflectance (HATR) apparatus.

the nitric acid adsorbed on the surface is not entirely in the key insights into the role of polar stratospheric clouds in
form of nitrate ions, but rather is also in the form of nitric acid ~ Antarctic ozone destruction. And, of course, his contributions
water complexed®3°4°Under some (but not necessarily &ll)  to gas-phase kinetics over many decades are legendary. Finally,
conditions, these complexes can react with NO to generate NO Dave has shared most generously his time and expertise with
hence recycling the surface-adsorbed nitrate back into photo-the kinetics and atmospheric chemistry communities, including
chemically active forms of NE?*94243|n addition, photolysis  playing a major role in the NASA data evaluations that many
of nitric acid adsorbed on surfaces in the presence of water vaporof us in these areas consult on an almost daily basis. We look
has been reported to generate gas-phasg dl@aller amounts  forward to many more years of his contributions and exciting
of NO, and HONG**47 This has been hypothesized to be a science. Happy Birthday, Dave!
potentially significant source of daytime HONO. For example,
a large midday source of HONG-600 ppt 1) was reported Experimental Section
in a recent field study® Finally, there is an “unknown” radical ] ) ) )
source in large atmospheric smog chambers, which is thought Combined ATR—Long Path FTIR. Figure 1 is a schematic
to be at least in part HONE9; 54 and which may be due to diagram of the cqmblned ATRlong path FTIR gppqratus. Thg.
photolysis of surface-adsorbed species such as nitric acid. shell of the reaction chamber consists of a 9y||ndr|cal bor95|l|-
The majority of laboratory studies directed at elucidating the Cate cell thatis 30 cm in diameter and 1.2 m in length. Stainless
kinetics, mechanisms, and products of reaction 1 have focusedSte€l eéndplates on which the optics are mounted increase the
on monitoring either the gas-phase products (e.g., HONO total length to 1.4 m, giving a volume of 102 L. A 5.0 cm
formation) or, in fewer studies, the adsorbed products. Thesediameter quartz tube that houses a lamp is located along the

were typically carried out using high surface area materials to center of the reaction chamber, which permits irradiation into
increase the sensitivity for surface species. the UV beyond the~320 nm cutoff for the borosilicate glass

We describe here a new apparatus designed to follow from which the outer chamber was constructed. When the

simultaneously both the gas-phase and adsorbed reactionsurfac_e areas of the cell, quartz tube, endpla_te_s, and optics are
products in water films on substrates characteristic of surfacest@ken into account, the surface-to-volume ratio is 18:8.mll

found in many laboratory systems as well as in the tropospheric €XPosed metal surfaces inside the reaction chamber are covered
boundary layer. This is achieved by coupling in a unique With halocarbon wax (Halocarbon Products, Inc., Series 1500)

apparatus long path Fourier transform infrared spectroscopy (LP-t0 Minimize reactivity.
FTIR) for gas-phase components with an attenuated total Relative humidity (RH) and temperature (T) are monitored
reflectance FTIR (ATR-FTIR) probe to follow the chemistry inside the reaction chamber using a Vaisala gauge (HMP-238).
occurring in the surface thin film. Sayer and H&rhave Pressures in the range from310 0.1 Torr are measured using
described an apparatus that also combines ATR with gas-phasé Leybold diaphragm gauge (Ceravac CTR-91), and those in
infrared spectroscopic detection, but there are significant dif- the range from 750 to 18 Torr are measured using a Leybold
ferences that are described in more detail below. Our new Pirani Gauge (Thermovac TTR-216). A BOC-Edwards iQDP80/
apparatus is applied to the heterogeneous hydrolysis of NO IQMB250 dry pump is used to evacuate the cell while
reaction 1, and theory is used to understand the nature of theminimizing the backflow of organics associated with oil pumps.
surface-adsorbed products. Finally, photolysis of the surface A ThermoNicolet Nexus 670 FTIR spectrometer is used to
products formed in reaction 1 in two different wavelength ranges record infrared spectra of the gas phase. The IR beam is directed
is reported. The atmospheric implications are discussed. from the FTIR via a set of transfer optics into the reaction cell
We are delighted to contribute this paper in honor of David through a ZnSe window. Multiple reflections are achieved using
M. Golden and his 70th birthday, especially since Dave has White cell optics}® and a total path length of 47.5 m was used
been a pioneer in laboratory studies of heterogeneous processel the present studies. The mirrors in the cell were gold coated
in the atmosphere. His development of the Knudsen cell as aand protected with a thin layer of SiO. The infrared beam exiting
tool for studying the uptake of gases on solids and low-volatility the cell was focused using a 30ff-axis parabolic mirror onto
liquids set the stage for a large number of studies that followed a liquid nitrogen cooled mercury cadmium telluride (MCT)
using this technique. A significant fraction of the heterogeneous detector.
atmospheric kinetics known today is based on such Knudsen The ATR probe (Figure 2) is a hollow waveguide probe
cell studies. His seminal work on the uptake and reaction of (Axiom Analytical ATR-FTIR Probe DPR-100) inserted through
trace gases such as ClIONand NOs with HCI on ice provided a vacuum-tight fitting into the reaction chamber. The ATR-
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R relative humidity (RH) was measured in both the chamber and
Incoming—| &i| % the mixing bulb. This mixture was allowed to come to
Radiation 5} i = equilibrium for 30 min, and ATR-FTIR and LP-FTIR back-

Light<—s| =3 F?Uégc'ti_ng ground spectra were recorded at 1 émesolution with 108-
Guides RNGif & Arhenon 160 coadded scans for the condensed phase and £ cm
H resolution and 172 coadded scans for the gas phase. This allowed
most of the water present in the following spectra to ratio out
Reflecting—__ Il 1| in the data analysis. Then N@vas flushed into the cell as a
Cone SVEHIEE mixture in nitrogen and the cell was filled to a total pressure of
ATR 1 atm with N, giving ~87—250 ppm NQ. In earlier studied?
Crystal . no difference was observed in the chemistry when the reactions

were carried out in air or jl so N, was chosen in order to
minimize NO oxidation. Reaction times up t920 h at a
etroflecting temperature of 296- 1 K were typically used, with spectra
continuously recorded. At the end of the reaction, the contents
of the cell were evacuated fer2 h, during which time the cell
1pressure dropped to 10721072 Torr. Upon cessation of this
pumping, the gas-phase and surface film spectra were recorded
either under vacuum or after filling the cell to 1 atm with dry

Figure 2. Schematic of the hollow waveguide ATR probe.

FTIR accessory base is placed into the sample compartment o
a second FTIR spectrometer (ThermoNicolet Avatar 370). The
IR beam in the sample compartment is directed into the infrared
transmitting ATR crystal and undergoes total internal reflection.

The IR beam reflects nine times within the crystal and is then

collected and sent to a cooled MCT detector.

Two infrared crystals were used during these experiments:
AMTIR (GessAs12,Se;s) and silicon (Si). AMTIR has a high IR
throughput and wide spectral range (660@O0 cnt?). The
surface of the silicon crystal has a thin layer of Sidue to
exposure to air; hence there are soati—OH terminal groups
on the surface. This is similar to the surface of the borosilicate
glass that comprises most of the surface in the cell; hence we
assume that ATR measurements of the thin films using a Si
crystal are representative of the majority of the surface chemistry
occurring throughout the cell. However, the silicon crystal does
not transmit below~1500 cnt! due to the oxidized surface
layer. As a result, AMTIR was used in the majority of th_e StL.'d'es the cell. The HONO concentrations were calculated using the
reported here and the silicon crystal was used primarily to 1263 or 790 cm! band and applying an effective absorption
validate the ob_servat|ons made over a wider spectral range. InCrOSS sectiof® of (3.7 + 0.4) x 10-19 cn? molecule® (base
the spectral region above 1500 thwhere measurements could 10) or (2.8+ 0.6) x 10-1%cn? molecule (base 10) to measure
Egt?i?;;;lsng both crystals, similar results were obtained USiNG a1 HONO based on a trans/cis ratio of 2.3.

For the photolysis experiments, the chamber was filled to 1
atm with Np, and then irradiated fo4 h with either the low
pressure mercury lamp or the black lamp. The temperature inside
the chamber increased by a maximurh 3 K during the
irradiation.

Gas-phase N§ HONO, and NO were quantified by the net
absorbance of their peaks at 2917, 1263 or 790, and 1875 cm
respectively. (While there is a much stronger absorption band
for NO, at 1620 cm?, there is significant interference from
water vapor that causes additional uncertainty in quantification
using this region.) Detection limits for these gases using these
bands are 2 ppm for NOand NO and 0.2 ppm for HONO.
Concentrations of N@and NO were determined based on
calibrations using mixtures of known concentrations iniiN

- fth I h h ; Chemicals. Nitric oxide (Matheson, 99%) was purified by
. Irrad|at|qn ofthe cell contents, both gas phase gnd sur aces'passing it through a liquid nitrogen trap to remove impurities
is accomplished using lamps located along the axis of the cell. g, a5 N@and HNQ. Nitrogen dioxide was synthesized by

For the experiments described herein, a low pressure merc”ryreacting the purified NO with excess oxygen (Oxygen Service
lamp (GE, 30 W, G30T8) or a black lamp (Sylvania, 30 W, Company, 99.993%) for at least 2 h. The N@as then

F30T8/350BL) is used. The low pressure mercury lamp has the .yndensed in a coldfinger at 195 K and the excesp@nped
strongest _Iine at 254 nthwhile the black lamp emits a broad off. The nitrogen (Oxygen Service Company, 99.999%), air
range of light from 300 to 400 nm. (Oxygen Service Companys0.1 ppm total hydrocarbons;0.5

The combined LP-ATR FTIR cell described here differs  ppm C0O,<2.0 ppm HO, <0.5 ppm CQ), and deuterated water
from that of Sayer and HoPhin several important respects.  (D,O) (Cambridge Isotope Labs, 99.8%) were used as received.
First, the ATR crystal and gas-phase long path FTIR are co- Cyclohexane (Fisher, 99.9%) and cyclohexanone (Aldrich,
located in the same cell, minimizing potential changes in the 99.8%) were placed in a small glass bulb and underwent three
composition due to transfer of gases from one chamber to freeze-pump-thaw cycles to remove any air and any other
another. Second, the White cell optics are designed to give longlow vapor pressure materials in the bulb. The water was
path lengths (up te-100 m) to obtain improved detection for  Nanopure ASTM type | reagent grade water (Barnstead, 18.2
gaseous species. Third, this system can be used in either thevQ cm).
static or flow mode, while that of Sayer and Hetis designed Theory. To guide the interpretation of the experimentally
for use as a flow system. Finally, the cell contents can be optained spectra, first principles electronic structure calculations
photolyzed using a variety of lamps in order to study photo- of the magnitude of the shifts in the nitric acid vibrational bands
chemical processes. and their theoretical intensities upon complexation with water

Experimental Procedures. In a typical experiment, the  were carried out. Both harmonic analysis and anharmonic
reaction chamber was filled with a,B/N, mixture at relative corrections of the fundamentals were carried out for the clusters
humidities between 37 and 63% to a total pressure-640 as described elsewhet®t® The harmonic analysis was per-
Torr by flowing the N gas through a bubbler containing water formed at the second-order perturbation level of theory (MP2)
and mixing it with dry nitrogenn a 5 L mixing bulb. The using the aug-cc-pVDZ basis s8t6?
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The anharmonic vibrational spectroscopy calculations were 004, AMTIR
carried out by the correlation-corrected vibrational self-consistent
field (CC-VSCF) method&3-%° This method treats both the 0.006
intrinsic anharmonicity of each mode and the effects due to 43 87% RH
anharmonic coupling between different normal modes. The CC-
VSCF approximation can be used directly with potential points
generated from ab initio calculations. In this work, MP2 with a
TZP basis set was used for all cases. The CC-VSCF algorithm
implemented in the GAMESS package of cddesas em-
ployed. In this variant, only anharmonic couplings between pairs
of normal modes are included, while interactions involving
triplets of normal modes or higher order couplings are neglected.
Evidence from previous calculations shows that CC-VSCEF,

73% RH
8% RH
52% RH
42% RH
32% RH

o 16% RH

0.008

0.004

0.002

0.02- 0.000 - P~ ——————
4000 3600 3200 2800

Absorbance

83% RH
0.014

including the pairwise modemode coupling approximation, FL

is usually of very good accuraé&yPart of the results for HN§

HNOs—H.0, and HONO were published previou§iWe note 008 b. silicon 2% RH
that, for the systems studied here, both the intrinsic anharmo- 93% RH 13% RH

nicity of individual modes (e.g., OH stretching modes) and the 7

anharmonic coupling between different modes proved significant %7
in cases, depending on the transition. While the effects of
anharmonicity on the absolute vibrational frequencies can be

0.04+

substantial, the effect is often much smaller wHesquency
shifts (e.g., between N@ and NQ~—H,0) are considered.
Thus, the anharmonic calculations here were restricted to
molecular species and to their 1:1 complexes with water. 0021
Considerations of frequency shifts were based on the harmonic
calculations only. Finally, the intensities of the vibrational

Absorbance

81% RH

transitions were also computed anharmonically, using CC-  0.00
Ll T T I I I T
VSCF. 4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm’ )
Results and Discussion Figure 3. Infrared spectra of water on ATR crystals as a function of

ATR Measurements of Thin Water Films. Attenuated total relative humidity for (a) AMTIR and (b) silicon at 296 K.

reflectance (ATR) has been widely used for studying thin films .o crystal. The uptake is similar for these two materials,

3 - O .
on surface$’ In the present studles,_lt is assumed that the thin suggesting that heterogeneous chemistry that is controlled by
film on the ATR probe is representative of that on the cell walls, it will be similar on AMTIR and silicon. and that the use

so that it monitors the heterogeneous chemistry occurring on ¢ AMTIR with its wider spectral range is appropriate for
the cell surfaces in real time. The film is formed by the uptake {q)16\ing the surface chemistry in these systems. This is also
of water from the gas phase onto the cell walls and ATR crystal supported by the similarity of the spectra obtained using the

surface, providing the medium for heterogeneous chemistry. crystals in the region above 1500 chnduring the
Upon internal reflection of the infrared beam at the surface heterogeneous hydrolysis of N@ot shown here).

of the crystal, _the_ evanescent wave penetrates the interface_ and The spectra in Figure 3 at the higher relative humidities are
probes material in contact with the surface. The penetration

indistinguishable from those of bulk liquid water. Hence the
depth ¢,) of the beam is given by eq®r: g .

liquid water peak can be used to estimate the effective number
of water layers present on the surface as a function of relative
= A 0) humidity. It is not known whether the water is distributed equally
P n127r(sin2 0 — n212)1/2 over the surface as a smooth film or is in islands. The

measurements therefore provide an average, or effective, number

wherel is the wavelength of the lighty is the refractive index ~ of water layers assuming that it is evenly distributed on the

of the denser medium (3.4 for the Si ATR crystal and 2.6 for crystal. With this caveat, the water covera@g,in number of

the AMTIR crystal),d is the incident angle, anp; is the ratio layers, is calculated from the absorbance spectra using eq Il, a

of the refractive index of the rarer mediumy) to that of the modified form of Beer's lawf?

crystal ). For bulk water in contact with the AMTIR crystal,

for example, the depth of penetration at 3400 ¢&iis 0.37um. e = 2.30A

However, as shown below, the average thickness of the water NSHzoa

film on this crystal at 50% RH is less than 1 nm. This is

sufficiently thin that the evanescent wave penetrates the entirewhereA is the base 10 integrated absorbance of the liquid water

film. In this case, the refractive indices of the ATR crystal and peak from 2800 to 4000 cm, N is the number of reflections

of the media above the film control the electric field more than (nine for this ATR probe), an&,o is the surface density of

the refractive index of the film itself, so that is taken as that one water monolayer (1.0< 10Y molecules cm?). The

of air. The depth of penetration into air at 3400 Tnfior the integrated cross section(base e), was calculated for the same

AMTIR crystal is 0.30um. range to be 1.4% 1016 cm molecule! from optical constants

Figure 3 shows the absorption spectra in the 25000 cnT?! reported by Downing and Willianfs.
region for both the AMTIR and silicon crystals as a function Figure 4 shows the calculated effective number of water layers
of the relative humidity of the gas phase in equilibrium with on the two crystals as a function of relative humidity. AMTIR

(I
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Figure 6. Typical time series of ATR spectra on an AMTIR crystal

Figure 4. Water uptake isotherms for AMTIR and silicon. Inset is an during the NQ hydrolysis experiment shown in Figure 5. [NO=
enlargement of the region between 0 and 75% RH at 296 K. 184 ppm and 51% RH.

200 | 100
T 180 *=, cm! are assigned to the well-known asymmetric stretch of
£ 1601 NO, §_80 NO3;~ complexed to watet? "172The magnitude of the splitting
Q 140+ of the degeneracy for this stretch (i.e., the spacing between the
1204 3 peaks) decreases as the amount of water associated with the
nitrate ion increases. For example, Ritzhaupt and Dévlin
observed a splitting of 150 crh for HNOs in an argon matrix
containing 6% water compared to 65 thwhen the matrix
was 100% water. Theory also predicts this trend, with a
predicted splitting of 101 cm for nitrate associated with four
water molecules and 62 crhfor the complex with five water
molecules® The splitting of the peaks in Figure 6 is 93 thn
suggesting that about four to five water molecules are associated
with the nitrate under these conditions.

Figure 5. Concentratiortime profiles for a typical N@ hydrolysis The asymmetric Ngstretch in nitric acid (monomer or when

experiment with 184 ppm NOn 1 atm of N at 51% RH. Error bars ~ complexed to water or another HNO's in the 1656-1710
are+2s. cm~tregior?®71.73 78 regardless of the environment (gas phase,

low-temperature matrixes, solid phase). We therefore assign the

and silicon are similar in their water uptake at relative humidities 1710 cnT* band to nitric acid (without specifying whether it is
of 80% and below. At~50% RH, which was used for most of the monomer or a complex). Following the experiments of
the experiments reported here, there is the equivalentf Barnes et al” on nitric acid in low-temperature matrixes, we
layers of water on the crystal surface, similar to that measured assign the 1600 cmt band to a nitrogen dioxidenitric acid
on glass and quartz in earlier studi@ét is therefore appropriate ~ complex.
to assume that the ATR spectra on both the silicon and AMTIR  The band at 2975 cni (Figure 6) is assigned to molecular
crystals are representative of the chemistry that is occurring on nitric acid complexed to water and, as discussed below, to some
the cell walls. extent complexed to HN©itself. Support for this assignment

Heterogeneous Hydrolysis of N@. Since there have been comes from comparison to theoretical calculations described
a number of laboratory studies of the heterogeneous hydrolysisin more detail below, as well as from several additional
of NO, (see discussion in the Introduction), we chose this experiments. First, after some time had elapsed to allow the
reaction to test our new apparatus. Figure 5 shows a plot of theNO, hydrolysis to proceed, the cell was pumped out for
gas-phase products during a typical experiment at 51% RH. Theapproximately 2 h. This removed the gas-phase species as well
studies reported here were all carried out&0% RH in order as more volatile species on the surface. Figure 7 compares the
to focus on an intermediate water vapor concentration that is ATR spectrum taken at the end 4 h reaction time to that
typical of atmospheric conditions, but that is also easily after pumping. The peak at2975 cmi! has blue shifted, by
generated and controlled under laboratory conditions. As ~200 cnT, suggesting that this is associated with some species
expected, the N@concentration decreases, while both HONO that can be converted to a second compound by removing a
and NO concentrations increase. The sum of the yields of more volatile component. Interestingly, the splitting of the peaks
HONO and NO is constant at 4# 19% (%), consistent with in the 1400 cm? region assigned to N§ does not change
much of work reviewed in Finlayson-Pitts etdland within significantly, suggesting that water is strongly bound to this ion.
experimental error of 50% expected based on the stoichiometryHowever, the shape of the peaks suggests there may be a
of reaction 1. We have proposed a mechanism for this reactioncontribution from an underlying peak upon pumping, which
previously?647 which is qualitatively consistent with the could be due to molecular nitric acié/® possibly complexed
experimental observations; rate constants for the individual stepsto itself or to wateP®
are not known at the present time due to the multiple, Experiments were also carried out in whickGHwas replaced
interdependent processes in the gas phase and on the surfacey D,O. Figure 8 compares the ATR spectrum obtained using

Figure 6 shows the ATR spectra of the surface film during DO to that using HO. The peak at 2975 cm for the reaction
the same experiment. The absorption bands at 1316 and 1409n H,O has shifted te~2275 cn1?, consistent with a deuterium

~ E 60
o o % yield of HONO + NO

ON + ONOH Jo paik %

HONO and NO (ppm)

Time (hr)
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0.010 TABLE 1: Summary of Assignment of Infrared Peaks
Observed by ATR-FTIR on the Surface in the NG,
Heterogeneous Hydrolysis at 50% RH at Room Temperature
0.008 and Comparison to Literature Values
band positiof lit. band positions in
8 0.006- assignment (cm™) low-temp matrixes(cm2)
3 (HNO,), 3210 3280 (W)™
E NO, hydrolysis | 3216 (AI’)77
2 0.004 3235 (Ar}EQ
HNOs-H;0 2975 3025 (AP
HNO3-2H,0 2812 2788 (A
0.002 HNO3+3H;0 2450 2600 (A°
HNOz-nH,0 1710 1656-17109%7%72
HNOs*NO, 1600 1611 (Ary
S - - - - - NO;~+xH0 1316, 1409 ~1300-1400°7172
4000 3500 3000 2500 p 2000 1500
Wavenumber (cm ') aThis study.? The matrix used is in parentheses.

Figure 7. ATR spectra at the end of the N@ydrolysis reaction and
after 2 h of pumping. The N@hydrolysis spectrum has been multiplied  frequency after pumping (Figure 7). This should represent the
by 1_.82 to normalize it to the pumped-out sp_ectrum in order to match most dehydrated form of HN§bn the surface. On the basis of
the integrated area of the 1560800 cnT* region. previous theoretical calculations and experimental studies of
E HNOs in low-temperature inert gas matrixes/1:"47this band

= is assigned to the dimer of nitric acid, (HNQ
LS On the basis of the peak positions in Figures8éthe second
contribution is taken to be at 2975 cfp which we assign to
nitric acid bound to one water molecule. This means that
complexation of water to the HN{n place of a second HNO
(i.e., the dimer) that is responsible for the peak at 3210%cm
has red shifted the HONO; stretch by~235 cnt?. This is in
excellent agreement with the theoretical and low-temperature
matrix results of McCurdy et atdwhere the shift was observed
experimentally to be 210 cm, compared to a calculated shift
of 181 cn.

The third contribution was taken at 2450 chbased on the

0.008

0.006

(HNO.),-(H,0), (DNO,)AD,0),

75

0.004

Absorbance
2975
227

o
-
|

—1600

0.002 4

T U T T
4000 3500 3000 2500 2000 1500 1000 obvious shoulder in this region, and in order to match the

T

Wavenumber

Figure 8. Comparison of ATR spectra from NQndrolysis using experimental data, a fourth peak at 2812émvas also included.
(black spectrum) kD and (gray spectrum)dD. Water has been ratioed Lr[]\leSe(Hp%%ks(ZﬂSOas;Irgl)n erdesfo Hﬂ@@lo)z (2.812 le). and
out of both spectra. 3(H20)3 ) pectively. While the existence

of the 2812 cm? peak is not obvious from the spectra, it is
isotope effect for an HO/D—O stretch. The bands in the 1600 consistent with experiments and theoretical calculations for
1800 cn1? region do not shift, nor do those assigned toaNO HNO3(H20),.5° Furthermore, it would be unusual to have the
confirming that these are not attributable to vibrations associatedmonohydrate and the trihydrate, but not the dihydrate.
with hydrogen. Table 1 compares the peak positions observed here to those

All of these results are consistent with the peak at 2975'cm  from mixtures of HNQ with water mostly in low-temperature
being due to nitric acid complexed to one or more water inert gas matrixes. Given the relatively large width as well as
molecules. We designate this species as (BNB20),, where the overlap of the peaks at room temperature in the present
x andy represent the numbers of nitric acid and water molecules studies, and that the surface will impose additional constraints
in the surface species. There are several lines of evidence toon adsorbed species, the agreement between the band positions
support this peak assignment. First, theoretical calcula- observed here and those reported in the literature is very good.
tions>9:60.78-83 show that complexation of a molecule of nitric Figure 9 shows the results of deconvoluting an ATR spectrum
acid in the gas phase to one water molecule or &Hz(OH) taken during the N@ heterogeneous hydrolysis into four
or Si(OH)#* shifts the H-ONGO; stretch, which occurs at 3550  contributing peaks at 3210, 2975, 2812, and 2450%cimhere
cmtin the gas phase, by approximately 500énComplexing are significant contributions from all four peaks, with that at
nitric acid to two or more water molecules further red shifts 2975 cnt! being the largest. Figure 10 shows a similar
this vibration®%78 Second, the shift from 2975 to 2275 th deconvolution for the spectrum obtained after pumping. The
when DO is used in place of pD is consistent with a deuterium  peak at 3210 cm is now the most important contributor, and
isotope effect for the HONO; stretch. Finally, the blue shift  the 2975, 2812, and 2450 cipeaks are approximately equal,
of the peak upon pumping suggests that a volatile species, likelysuggesting that pumping leads to conversion of the higher
water, is being selectively removed from these complexes.  hydrates of HN@ on the surface into the dehydrated, surface-
While the 2975 cm? band is very broad, which is expected bound dimer of nitric acid.

for a hydrogen-bonded HO stretching vibration at room Changes in the relative intensities of the peaks due tg NO
temperature, the shapes of the spectra in Figure® €liggest and the nitric acid complexes can be used to obtain some insights
that this band is comprised of contributions from several species.into the shifts between the various hydrates and ions on
Deconvolution of the broad peak between 2000 and 3700 cm pumping. Table 2 summarizes the peak positions and assign-
into contributions from four species was accomplished using ments and the experimentally measured integrated band intensi-
the following approach. The first contribution was taken to be ties for these species in a typical experiment. The relative
at 3210 cm?!, based on the blue shift of the peak to this concentrations shown in the last column taking the nitrate ion
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0.003 TABLE 2: Estimated Concentrations of Nitric Acid
Complexes Relative to Nitrate lons on the Surface during a
Typical NO, Heterogeneous Hydrolysis Experiment and
after Pumping

0.002 experimental

g 3 peak integrated ratio of
g “ position peak band intensity complex concn
s 0.001 Q (cm™) assignment (cm™) to nitrate ion conch
a . ¥ During Hydrolysis
N 1316, 1409 N@ -xH.O 0.90 (1.0)
3210 (HNQ)- 0.46 0.15
0.000- 2975 HNQ-H,0 0.66 0.39
" 2812 HNQ:-2H;0 0.25 0.16
. : I 2450 HNQ-3H,0 0.39 0.14
4000 3500 3000 2500 2000 After Pumping
Wavenumber (cm”) 1316, 1409 N@ -nH,0 0.625 (1.0y
Figure 9. Deconvolution of the ATR absorbance band (Figure 7) 3210 (HNQ), 2.3 1.z
between 4000 and 2000 cfhat the end of N@ hydrolysis. The 2975 HNQ-H0 0.25 0.2¢4
irregular black line represents the spectrum, the dotted black line is 2812 HNQ-2H,0 0.32 0.18
the baseline, the smooth black lines are the individual peaks that make 2450 HNQ-3H,0 0.27 0.18

up the spectrum, and the solid line through the data is a summation of

Lo Ok e aThese were obtained from the ratio of (absorbance/theoretical
the individual contributions.

intensity) for each peak to the corresponding ratio for the (1316
1409 cmt) peaks that were assigned to the nitrate-iarater complex.
b The theoretical intensity for the nitrate ion was estimated as described
in the text to be 592 km mot. ¢ A theoretical intensity of 2043 km
mol~* was calculated by adjusting the harmonic value of 1821 kntiol
upward by 12%; this is the amount by which the harmonic and
anharmonic calculations differ for the complex of HN@th one water
molecule, for which both types of calculations were carried Hit.
theoretical intensity of 1121 km midifrom the anharmonic calculations
was used for the complex with one water molecule. This is 12% larger
than the value of 999 km mol from the harmonic modef.A
theoretical intensity of 1625 km mdl was used by adjusting the
harmonic value of 1448 km mol upward by 12%; this is the amount
by which the harmonic and anharmonic calculations differ for the
complex of HNQ with one water molecule, for which both types of
calculations were carried outA theoretical intensity of 1896 km nmol
was used based by adjusting the harmonic value of 1690 km'mol
upward by 12%; this is the amount by which the harmonic and
nharmoni Iculations differ for th mplex of HN@ith one water
Figure 10. Deconvolution of the. broad absorban(;e (Figure 7) betlween %OIZculz, ;:o(r:e\l/v?]lijc? go?hdty;?esooft c%ﬁ:%la?ignsowef\(le@;arcr)iez @)?ﬁ
4000 and 2000 cnt after pumping for 2 h. The irregular black line ) mning "the nitratewater peaks decreased to 70% of the intensity at
represents the spectrum, the dotted black line is the baseline, the smoothy, o end of the hydrolysis just prior to pumping. However, for ease of
black lines are the individual peaks that make up the spectrum, and comparison, the relative concentrations of the nitric acidter

E:T)?]tﬁgﬂctiiolrige through the data is a summation of the individual cqmpiexes are referenced to the nitrate peaks under the same conditions.

0.006

Absorbance

T T T
4000 3500 3000 2500 2000
Wavenumber (cm")

harmonic calculations. For consistency, the harmonic values of

as the referencéx/Nnoy, were obtained from a Beetambert  he theoretical intensities for the higher hydrates and the dimer
law type of calculation: were therefore adjusted upward by 12%.
N AJl There are a number of caveats to be applied to these estimates.
X — X (1) First, the calculated theoretical intensities are for gas-phase
NNOS- ANos-/ | NOy species, whereas the experimental data are for surface-adsorbed

molecules. In addition to the differences that are present for
where A, and Anyo, are the experimental integrated band gas versus condensed phase, there is also the possibility of
intensities andly and Ino, are the calculated theoretical specific interactions with the surface of the crystal in the
intensities. The theoretical intensity for the nitrate ion was experiments, for example with surface hydroxyl groups. Second,
estimated as follows. A value of 845 km mélwas calculated some of the nitrate may be associated directly with the crystal
using the anharmonic approach for jifOcomplexed to one  components rather than only with surface water. Third, there is
water molecule. Harmonic calculations predict that the theoreti- a possibility of unrecognized complexes contributing to some
cal intensity forn = 4 water molecules is 62% of that far= of the peaks; for example, Thi et @&.have reported several
1, while forn = 5 water molecules the theoretical intensity is different complexes of nitrate ions with nitric acid in thin films.
78% of that fom = 1. Assuming that the 845 km mdican be Finally, the amount of material on the crystal, and the corre-
scaled accordingly, and that four to five water molecules are sponding signals, is quite small, so that the estimates of relative
attached to the N@, an average theoretical intensity for the concentrations of surface species should be taken as semiquan-
nitrate complexed to water of 592 km mélwas derived. titative.
Theoretical intensities are available from the harmonic calcula- However, within these caveats, some conclusions can be
tions for all of the species identified here, and from the drawn from the application of the theoretical assignments of
anharmonic calculations for the monohydrate. The theoretical species and band intensities. First, during the N&@erogeneous
intensity for HNQ(H2O) from the anharmonic calculations is  hydrolysis at 50% RH, the concentrations of the nitric acid
1121 km mot?, 12% larger than the 999 km mdlfrom the water complexes are significant relative to the nitrate ion,
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varying from 10 to 39% of the nitrate ion concentration. In
addition, small amounts of HNOdimer are present. On 0.8 .
pumping, there is a significant shift in the surface species toward e . e
the less hydrated forms of nitric acid, including the nitric acid o * . et .
dimer which becomes the most intense peak (Figure 10). %7 (d) 254 nm, 50%RH R .
Although nitric acid is a strong acid, it requires association with § o F - e
at least four water molecul&s®to dissociate to Fland NQ~ § N A s fo m. =t mapE MR
in the gas phase. If pumping removes water preferentially, then§ éco)%aé,_’, - . s " "
dissociation will be impaired and the nitrate ion will be = v "a a . o b el -
converted first to molecular nitric acid and its complexes with 02d <V 4 o gpgos Cag 3 °
water, and finally to the dimer. iy Lawml B o o (a) 254 P Cehrz
In short, the data are consistent with the formation of both 2 LaRTy a a b, a8 abald
. . . . . - Y N AU N 2 A T
dissociated and undissociated HN@n the surface during the 0.0 . (e) 300 - 400hm
NO; he;erogeneous hydrolysis, Wlth .th(.a nitrate ion and HNO 0 2000 4000 5000 4000 10000
both being complexed to water. Equilibria such as the following Time (s}
are likely involved: Figure 11. Concentratiorrtime profiles for HONO (a) from irradiation
at 254 nm in the absenc®) and presence) of an OH scavenger
HNO; + HNO; < (HN03)2 ) (CeH12); (b, W) from exposure to Nat 30% RH without irradiation;
(c,® from_exposu_re to blat 50% RH; (d_A)_from exposure to Nat
HNO3 + HZO -~ HNO3-H20 (3) 50% RH with irradiation at 254 nm beginning at 2000 s; 4¢,from
irradiation using the black lamp (36@t00 nm). Each experiment was
HNO,-H,0 + H,0 <> HNO,-2H,0 (4) performed after 20 h of Nohydrolysis followed by pumping for 2 h.

All data have been averaged over three data points. Error bars shown
in the x direction account for the data averaging; error bars inythe
HNO;2H,0 + H,0 <> HNO;-3H,0 (5) direction represent theszxperimental and quantification error.

HNO,+3H,0 + xH,0 <> H,0" + NO, *yH,0  (6) band and hence its peak height, as well as the relative theoretical
intensities/absorption cross sections.

When the system is pumped out, the concentrations shift in  Nitric acid has been observed previogi§£as a product on
favor of molecular nitric acid complexed to fewer water high surface area silica during the heterogeneous hydrolysis of
molecules and ultimately to the dimer. Thus the extent of NO,, based on infrared bands in the 16Q700 cnt? (asym-
ionization on the surface is a sensitive function of the amount metric —NO, stretch) region. Infrared spectroscopy of silica
of available water. The data in Table 2 can be used to calculatesurfaces treated with pure gaseous nitric acid also suggested
the ratio of the concentration of the nitrate ions using the bandsthat HNQ; formed surface complexes with water based on
at 1316 and 1409 cmt to the undissociated nitric acid absorptions in the HO stretch region around 3000 cf?6:39.40
complexes with water and with a second HN®@his gives a The preferential removal of water from these nitric acid treated
ratio of nitrate ions to the complexes of 1.3:1 during the surfaces by pumping was obseré&ayer and Hoit reported
hydrolysis at 50% RH, where there is an effective two layers that exposure of solid NaN{»n an ATR crystal to N@gave
of water on the surface initially. This suggests that the degree nitrate and molecular nitric acid, which was attributed to the
of dissociation of HN@Qunder these conditions i{856%. After reaction of NQ with small amounts of water on the NaNO
pumping, the ratio of nitrate ions to the complexes is 0.63:1, They observed the loss of a band at 3400 tmue to the
corresponding to a degree of dissociation of 39%. This is not adsorbed water and an increase in a peak3ft00 cnT! which
surprising, since the degree of dissociation in concentrated bulkthey assigned to $0™. Our studies suggest the latter is due
aqueous solutions of nitric acid is also small. For example, the rather to a nitric acigdtwater complex.
degree of dissociation in bulk aqueous solutions varies from  In summary, the studies reported here not only conclusively
50% at 10 M to only 1% at 22 N¥ Further evidence for the  establish the formation of such complexes during the,NO
relatively small extent of ionization of the acid comes from the heterogeneous hydrolysis, but also show the progression from

lack of an underlying broad continuum above 2000 ¢mhich ions to increasingly dehydrated forms of nitric acid bound to
is seen in amorphous nitric acidce films™>%°and which has  the surface as water is removed during pumping.
been attributed to proton transfer to form a Zundel-type c&fion. Photolysis of Surface-Adsorbed Speciessiven the pro-

While quantitative agreement would not be expected between posed photolysis of adsorbed nitric acid as a source of HONO
solution-phase data and thin surface films which likely have a in the tropospheré}4¢a set of experiments was carried out in
more two-dimensional character, the comparison is qualitatively which the cell surfaces were photolyzed after carrying out the
consistent with increased dehydration of the surface film on hydrolysis and pumping, followed by filling the chamber to 1
pumping. atm with Nb. From the interpretation of the data discussed above,
Reaction 6 implies that hydronium ion should be formed in the cell walls should hold adsorbed nitric acid and nitrate under
concentrations equal to those of nitrate ions. The bending modethese conditions (Figures 7 and 10). Two lamps were used
for HzO™ in nitric acid trihydrate in ice has been reportet-92 during separate experiments: (1) a low pressure mercury lamp
to be in the region around 1750 cf The theoretical intensity ~ (primarily 254 nm, with smaller peaks into the UV/visible
for this HsO™ band has been calculafédo be 139 km moi?, and (2) a black lamp (366400 nm).
about a factor of 4 less than that calculated for nitrate complexed Irradiation using the low pressure mercury lamp generated
to water (592 km mol’; see footnoteb to Table 2). A weak both HONO and NO in the gas phase. Production of NO and
shoulder can be seen on the high wavenumber side of the 171HONO from the photolysis of nitric acid in a low-temperature
cm~1 peak in Figures 68, but its intensity is quite small. This  nitrogen matrix was also reported by Chen et®dfigures 11
may reflect differences between conditions in the gas phase andand 12 show the concentratietime profiles for HONO and
those in the surface film, which may affect the width of the NO, respectively, during irradiation. Because both NO and
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HO—NOy photochemistry, some experiments were carried out
in which the chamber was heated ¥ °C using heating tape.
There was no detectable HONO or NO generated in the gas
phase. Afte 4 h of heating,~100 ppb gaseous HNOwas
measured. From a mass balance perspective, desorption of HNO
(@254nm £ CeHrz 7 followed by its photolysis is therefore unlikely to be the source
1 of NO and HONO since much larger amounts of NGHONO,
~3 ppm, are formed in the same time period during irradiation.
Irradiation using the black lamps generated only NO, and at
a rate approximately a factor of 4 less than that at 254 nm. The
lack of observation of HONO may be due to the smaller light
intensities at longer wavelengths and/or to the strong absorption
of light in the 300-400 nm region by HON®? The photolysis
: 2000 2000 5000 5000 10000 rate constant for HONO using the black lamps was mgasured
Time (s) to beky,(300-400 nm)= (2.0 £ 0.4) x 104 s (29). Again,
Figure 12. Concentratiortime profiles for NO (a) from irradiation the lifetime for HONO photolysis in the celt, = S x 193 S, IS
at 254 nm in the absenc®) and presencel) of an OH scavenger {00 long to explain the observed NO formation via HONO
(CeH1); (b, W) from exposure to Bat 30% RH without irradiation; photolysis. Thus, the difference in photolysis lifetimes using
(c, ®) from exposure to Nat 50% RH; (d @) from exposure to hat the two lamps is less than a factor of 2 and is unlikely to explain
50% RH with_ irradiation at 254 nm beginning at 2000 s;@e,from the lack of observation of HONO using the black lamps.
irradiation using the black lamp (36@100 nm). Each experiment was Zhou et aké reported HONO and N (mainly NO)

performed after 20 h of Nghydrolysis followed by pumping for 2 h. .
All data have been averaged over three data points. Error bars shownpmduc'[Ion when a glass surface that had been exposed to

in the x direction account for the data averaging; error bars inythe ~gaseous HN@and water vapor was photolyzed using a medium
direction represent thesZzxperimental and quantification error. pressure mercury lamp with a cutoff filter that only transmitted
above 290 nm. In contrast, we observe HONO formation only
HONO are generated, it is possible that NO is the primary when 254 nm light is used. However, their sensitivity for HONO
product and that HONO is formed from the recombination of is much greater than that using FTIR in the present studies, so
NO with OH radicals. The latter could ostensibly be formed that our data do not unequivocally rule out HONO formation
from some process such as nitrate ion phototj$tsO-, which during 300-400 nm irradiation. In addition, it is not clear
then reacts with residual water to form OH. To test this whether the composition of the surface complexes is different
hypothesis, cyclohexane was added as an OH scavenger in somghen formed from the N@heterogeneous hydrolysis as in our
runs. The reaction between cyclohexane and OH is sufficiently experiments compared to saturating the surface with gas-phase
fast k = 7.2 x 10712 cm® molecule* s™* at 298 K* that this nitric acid and water as in the Zhou et al. experiméhits.
should have scavenge®5% of any OH that is generated. The Thermodynamically, there are a number of potential overall
open squares in Figures 11 and 12 represent the products in theeactions that could generate NO and HONO from the photolysis
presence of cyclohexane and the open circles those withoutof surface-adsorbed nitric acigvater complexes. For example,
cyclohexane; there is no significant impact on the production reaction 7
of HONO (or NO), ruling out the reaction of NO with OH as
the source of HONO. HNO; + H,0 + hv — HONO + H,0, )]

The possibility that NO is generated by HONO photolysis
was also considered. The photolysis rate constant for HONO is energetically possible in the gas phase at wavelengths below
in the cell was measured using a technique described else-741 nm. However, given that there is likely a barrier involved
where?” and was found for the low pressure mercury lamp to in such a reaction, the actual wavelength of light that would
bek, = (1.24+ 0.4) x 104 s7%(2s), corresponding to a lifetime  effect such a change is likely significantly shorter. The same
of T = 8.3 x 10®s. This is too slow to produce the NO shown applies to reactions 8 and 9 below. Of course, the reaction
in Figure 12, which increases immediately upon irradiation.  enthalpy will also be modified by the surface, but this calculation

To assess whether increased amounts of water would enhancguggests that the low pressure mercury lamps and black lamps
the HONO and NO production, some runs were carried out in both should have sufficient energy to drive such photochemistry.
which humidified N was added to the cell after pumping. Similarly, reaction 8 is possible at wavelengths below 393 nm:
Previous studi€®§ established that borosilicate glass cells that
had been exposed to gas-phase HONO and then evacuated HNO; (+H,0) + hv — HONO (+H,0) + O (8)
became a source of HONO upon exposure to water vapor.

Similarly, when water was added to the cell in the present studiesGeneration of NO could occur in a reaction such as

after reaction followed by pump down, an increase in gas-phase

HONO was also observed (filled squares in Figure 11). When HNO; (+H,0) + hv — NO (+H,0) + HO, (9)

the lamp is turned on during such a run at 50% RH, no

enhancement in the HONO production over that due to which is energetically accessible at wavelengths below 501 nm,
desorption from the cell walls is observed (filled circles in Figure if there is no additional barrier to the dissociation.

11). Similarly, as seen in Figure 12, there is no enhancement Clearly, further work will be required to assess the photo-
in the rate of NO production during irradiation in the presence chemistry of the surface-adsorbed products of the N&ero-

of water vapor. geneous hydrolysis.

When the lamps are turned on, the temperature of the cell Atmospheric Implications. There is increasing evidence that
rises by a maximum of 3C. To test whether HONO and NO  processes occurring on surfaces in the tropospheric boundary
could be generated simply by increased thermal desorption, orlayer significantly impact the chemistry and photochemistry in
by desorption of HN@ followed by its photolysis to initiate  this region. Figure 13 shows the amount of water on the ATR

4
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Figure 13. Water uptake on some common atmospheric surfaces (from
ref 31) and on AMTIR and silicon ATR crystals.
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crystals used here, in comparison to materials present in the
boundary layer such as soil and vegetation. Clearly, the amount
of water on the surfaces in our experiments is comparable to
that on materials found close to the Earth’s surface; hence the
results reported here should be applicable to chemistry in the

boundary layer.

Heterogeneous reactions of oxides of nitrogen, which are
precursors to ozone, nitric acid, and airborne partitlase
particularly important from local to global scales. Nitric acid is
an “end product” of this chemistry, and has been generally
assumed to dissociate into nitrate and hydronium ions on

surfaces. The work presented here suggests that a significan

fraction of nitric acid may exist as complexes with water on

atmospheric surfaces such as building materials, foliage, and
dust particles, and that photolysis can regenerate gas-phase NO

(“renoxification”). Thus, formation of nitric acid on surfaces
or uptake from the gas phase may not permanently remove NO
from the atmosphere, as is often assumed.

In addition, oxides of nitrogen, including nitric acid, are
associated with significant health effe@tswhether the form
of nitric acid (i.e., molecular or nitrate ions) plays a role in
determining the health impacts of acids and particles is not
known, but it is clearly of interest given that much of the acid
on the surface of dust particles, for example, will be undisso-
ciated molecular HN@complexed to water.

J. Phys. Chem. A, Vol. 110, No. 21, 2008395

peak at 1600 cmt was assigned. Whether the absorption
spectrum of the dimer shifts substantially on complexation to a
second HNQ@, to NO,, or possibly to N@™ as observed by Thi

et al® is not known, but is the subject of ongoing work.

It was observed here as well as in previous stiflibst gas-
phase HONO is generated when a glass surface that had been
exposed to gaseous HONO was pumped out and water vapor
then added; in contrast, the addition of dry ¢ibes not result
in gas-phase HONO. Thus either HONO or a HONO precursor
must be present on the surface and interact with water to form
and/or desorb HONO. This process is very important for the
interpretation of HONO concentrations in air and their depen-
dence on RH¢ Although we did not observe bands in the ATR
spectra that were assignable to adsorbed HONO, if it were
complexed to nitrate ions or other surface species, the spectra
could be shifted significantly compared to that expected based
on gas-phase data.

Diamond and co-workets* have shown that organic com-
pounds are adsorbed on surfaces in the boundary layer, and that
the composition of this layer changes from urban to downwind
rural sites. Oxidation of organics in air is well-knowand the
oxidation products would be expected at least in part to be taken
up onto surfaces after formation in the gas phase. The present
results raise the possibility that the oxidation may actually occur
on the surface itself. In the case of surface films from theNO
heterogeneous hydrolysis, the formation of oxygenated and
nitrated products could be a marker for such surface oxidations
in the boundary layer.

Finally, airborne dust particles are known to become distrib-
ted globallyt°%-104 impacting global chemistry and climate.
iven that dust generally has a high silica content, the chemistry

of the oxides of nitrogen described here is expected to occur
not only on urban surfaces but also on such dust particles during
transport. There is some evidence for HONO production from
reactions on dust particles. For example, Stutz and co-wdbkers
reported enhanced HONO concentrations during a dust storm
in Phoenix, AZ.

These studies are the first to report the simultaneous measure-
ment of both gases and surface species during the heterogeneous
hydrolysis of NQ. While a great deal of insight into the nature
of the reaction, its intermediates, and products has been gained,
further studies are clearly needed to identify the specific surface
species responsible for the production of HONO from surfaces
upon exposure to water vapor and upon irradiation.
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