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summary 

The UV absorption cross sections for gas phase pernitric acid (HOsNOz) 
were measured between 190 and 330 nm at 298 K and 1 atm total pressure. 
The HOzNOz vapor was prepared in a flowing stream of nitrogen in the 
presence of HzO, HzOz, HNOs and Nos. The composition of the mixture 
was established by visible and IR absorption spectroscopy and by chemical 
titration after absorption in aqueous solutions. The HOzNOz cross sections 
ranged from approximately lO_ l7 cm2 molecule-’ at 190 nm to about lo-= 
cm 2 molecule- ’ at 330 nm. The experimental uncertainty (one standard 
deviation) ranged from 5% at 200 nm to 30% at 330 nm and fell mainly in 
the 10% range. The solar photodissociation rate in the troposphere and lower 
stratosphere was estimated to be about lO_ 6 s-l for a solar zenith angle of 
0”. 

1. Introduction 

Pernitric acid (also called peroxynitric acid, H02N02) is formed in the 
atmosphere by the recombination of HO2 and NO2 radicals: 

HO2 + NO2 y H02N02 (1) 

This reaction was proposed, among others, by Johnston [l] but it 
received little attention until Niki et al. [ 21 identified HOsN02 for the first 
time in the gas phase through Fourier-transform IR spectroscopy; Hanst and 
Gay [ 31 and Levine et al. [ 41 further corroborated the findings of Niki et al. 

In fact, H02N02 was first characterized by Schwarz [ 51 in liquid solutions 
through its strongly oxidizing properties,. i.e. the release of Br2 from KBr 
solutions. 

The importance of H02N02 is now well established; the potential role 
of this species for stratospheric chemistry has been discussed, for example, 
by Jesson et al. [6] and by Graham et al. [ 7,8]. 

Howard [9] has measured the rate constant for reaction (l), and the 
H02N02 thermal decomposition rate, the reverse of reaction (l), has been 
studied by Graham et al. [ 71: 
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HOzNOz ,” HOe + NOz (2) 

In the atmosphere HOzNOz may be destroyed by reaction (Z), by reac- 
tion with OH radicals (reaction 3) or by photolysis (reaction 4): 

HOzNOs + OH -, H20+0z+NOz (3) 

HOzNOs + hu -+ products (4) 

Photolysis is likely to be an important atmospheric sink [6, 81. An 
upper limit of 3 X lo-l2 cm3 molecule-1 s-l for the rate constant for reac- 
tion (3) has been established by Graham et al. [ 71 and by Trevor et al. [lo]. 
Reaction with oxygen atoms and chlorine atoms is also possible, but almost 
certainly of little importance in the stratosphere, 

There are now four studies of the UV spectrum of HOzN02: Jesson 
et al. [6] have measured the spectra of equilibrium mixtures of HN03, 
HsOs and HUsNOs in concentrated aqueous solution between 300 and 360 
nm; Cox and Patrick [ll] and Morel et al. [ 121, both using a static photo- 
chemical system containing HOzNOz vapor, have obtained absorption cross 
sections in the ranges 195 - 265 nm and 200 - 290 nm respectively; there is, 
however, only one study, that of Graham et al. IS], of the H02NOz gas 
phase spectrum covering the critical wavelength range for atmospheric 
photodissociation, i.e. wavelengths longer than 290 nm. Graham ef al. have 
prepared HOzN02 vapor in a static system at a concentration of a few milli- 
torr, and their cross section values are about a factor of 5 larger than those 
of Jesson et al. 

We report in this work measurements of the absorption cross sections 
of H0zN02 vapor in the 190 - 330 nm region. HOzN02 was prepared in a 
flow system at concentrations approaching 1 Torr, in the presence of 1 atm 
Nz and of NOs, HzOz, Hz0 and HNOs in the subtorr range. The composi- 
tion of the mixture was established by Fourier-transform IR spectroscopy, 
by chemical titration of the flowing gas after absorption in aqueous solutions 
and by the absorption spectrum in the visible. 

l 

2. Experimental 

2.1. Instrumentation 
The UV and visible (VIS) spectra were recorded with a Gary 219 

double-beam spectrophotometer interfaced to a Nova 3 computer equipped 
with a 10 megabyte storage disk, a Tektronix 4006-l display terminal and a 
Versatec 1200A printer-plotter. Two quartz absorption cells fused with 
Suprasil windows were used: one 10 cm long and 2.5 cm in diameter and the 
other 90 cm long and 3.5 cm in diameter with folded optics to give an opti- 
cal path length of 180 cm. The Cary 219 spectrophotometer has a limiting 
resolution of 0.07 nm and is capable of measuring reproducibly absorbances 
in the range 0.002 - 4. To achieve rapid data collection the present study 
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used a sampling rate of 10 Hz and a scan rate of 1 nm s-l with a spectral ’ 

bandwidth of 0.1 - 0.2 nm in the long wavelength region (500 - 300 nm) and 
of 0.3 - 0.5 nm at wavelengths below 300 nm. A total of about 100 spectral 
files (H02N02, Hz02, HNOa, NOz and background spectra) consisting 
typically of 3000 data points each were recorded and were stored in the 
computer for later manipulations. 

A Digilab FTS-12A Fourier-transform IR (FT-IR) spectrometer 
equipped with a standard Digilab data-handling system and a liquid-nitrogen- 
cooled HgCdTe detector was employed for the IR analysis. A Pyrex absorp- 
tion cell, 60 cm long, 2.5 cm in diameter and fitted with germanium win- 
dowa, was used in the single-pass mode. The spectra were taken at a resolu- 
tion of 1 cm-’ and each spectrum was computed from the average of 64 
interferograms. About 100 FT-IR spectra were recorded simultaneously 
with the UV-VIS spectra. The concentrations of the various components of 
each mixture were obtained by subtraction of reference spectra. 

2.2. Synthesis of HOaNOz 
Two methods were used to prepare H02N02. The first was a modifica- 

tion of the original method of Schwarz [ 53. H02N02 was generated con- 
tinuously by mixing 70% HN09 with 90% HzOz in a porous glass bubbler. 
The HOzNOz vapor was carried by a stream of nitrogen gas which was forced 
through the bubbler into the absorption cells. The bubbler was immersed in 
a water bath maintained at constant temperature to within 0.2 “C while the 
absorption cells remained at room temperature (25 “C). This method pro- 
duced ty@zal.ly about 0.5 Ton: HOzNOz in the presence of approximately 
1 Torr HNOa and about 0.1 Torr HzOz. A small amount of NOs (about 0.05 
Torr) was also present. Once the cells had been conditioned, the concentra- 
tion of HOzNOz could be maintained constant over a period of I- 2 h. 

The second technique employed nitronium tetrafluoroborate (N02BFa) 
rather than HNQa as the nitrating agent 1131. Solid N02BF4 was slowly 
added to a solution of 90% Hz02 which was stirred with a magnetic stirring 
bar at 0 “C. This preparation was carried out in a nitrogen atmosphere glove 
cabinet because of the hygroscopic nature of NOsBF4. The final solution 
was then transferred to the glass bubbler as in the first method. This tech- 
nique produced a very high concentration of HOsNOs vapor (approximately 
1 - 2 Torr) in the presence of small amounts of HNOs (about 0.2 Torr), 
Ha02 (about 0.5 Torr) and NOz (about 0.05 Torr), but it had the disadvan- 
tage that the HOsNOz was formed all at once at the beginning and its con- 
centration decreased rapidly during the course of the experiment. A small 
amount of HF, detected indirectly in the IR as SiF4 (below 0.05 Torr), was 
also generated in this system. These two techniques provided independent 
means of deducing the absorption spectra of HOzNOz from chemical titra- 
tions and spectral analyses of mixtures containing widely different concen- 
trations of HOzNOz, HNOs and HzOz. 

After flowing the mixture through the cell for 10 - 30 min, the first UV 
and IR spectra were measured; successive spectra were recorded every 10 



100 

min and chemical titrations were carried out at 2 min intervals. The average 
residence times of the flowing gaseous mixture were about 30 s in the IR 
cell, 100 s in the 90 cm UV cell and 4 s in the 10 cm UV cell. 

NO2 (99.5%, Matheson Gas Products), HzOz (90%, FMC Corporation) 
and HNOs (70%, Mallinckrodt) were used without further purification. 

2.3. Chemical titration and spectral analysis 
The reference spectra employed for spectral subtractions were obtained 

by introducing each sample individually into the UV and IR cells. The 
absorption spectra of about 0.05 - 0.5 Torr of NO2 in nitrogen (total pres- 
sure, 1 atm) were recorded by introducing the mixture into the absorption 
cells using a greaseless vacuum line. All pressure measurements were carried 
out with two MKS capacitance manometers (ranges of 0 - 10 Torr and 0 - 
1000 Torr). The procedure used in the absorption measurements of Hz02 
has been described previously [ 14 1. Briefly, nitrogen gas was forced through 
a bubbler containing concentrated HzOz solution, the concentration of 
HzOz in the nitrogen carrier gas being determined by bubbling the gas 
through a measured volume of standard KMn04 solution. The gas phase con- 
centration of HzOs was controlled by varying the temperature of the bubbler 
between 8 and 18 “C. Titration of the gaseous stream before and after 
passage through the cells (connected in series, from IR to UV or from UV to 
IR) indicated that after an initial conditioning period less than 10% of the 
Hz02 decomposed in the cells. A similar flow technique was employed in the 
spectral measurements of HNOa. In this case the concentration of HNOa in 
the nitrogen carrier gas was determined by titration with standard NaOH 
solution and the concentration of HNOs vapor was controlled by varying 
the bubbler temperature between 3 and 16 “C. 

The concentration of HOzNOz in the nitrogen carrier gas was deter- 
mined by bubbling the gas through a measured volume of KBr solution and 
by measuring spectrophotometrically the Br2 liberated. Usually it took 30 - 
60 s to observe an absorbance of 0.5. A Hitachi Perkin-Elmer 139 UV-VIS 
spectrophotometer was used for this measurement. The amount of Br2 was 
determined by comparing the measured absorbance at 417 nm with a calibra- 
tion curve obtained from standard KBrOs-KBr solutions. Control experi- 
ments showed that HIOp or HNOs alone do not oxidize KBr. Furthermore, 
when HsOz and HN03 were placed in two separate bubblers and the gaseous 
streams from the two bubblers (with nitrogen carrier gas) were introduced 
into a solution of KBr, it took about ten times longer to observe a noticeable 
color change. A second independent determination of the HOsNOa concen- 
tration was provided by titration with standard NaOH solution. The total 
acidity measured was the sum of the acidities of HNOs, NO2 and HOzNOz. 
After correcting for HNOs and NO2 the calculated pressure of HOzNOz 
agreed with that obtained from the KBr analysis. The concentrations of 
HzOz and HNOs in the H02N02 sample were determined from the IR 
spectral analysis and the NO2 concentration was measured from its struc- 
tured spectrum in the 400 - 500 nm region. 
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3. Results and discussion 

3.1. HN09, Ha02 and NO2 spectra 
The UV absorption spectra of 10 samples of HsOz and 15 samples of 

HNOs were measured using the flow technique and chemical titration. The 
results are shown in Figs. 1 and 2 and Table 1. The absorption cross sections 
for HNOs are in very good agreement with the measurements of Johnston 
and Graham [X.6] except at both ends of the spectrum. In fact, Biaume [16] 
has observed the same discrepancies in these two regions, and our values 
agree better with those reported by Biaume. In the case of HzOz, although 
our present values are slightly lower than both our earlier results [ 141 and 
those reported by Lin et crZ. [ 171, they fall within the experimental uncer- 
tainties cited in these earlier studies. 

The UV-VIS ahsorption spectra of NOs over the pressure range 0.05 - 
0.6 Torr were stored in the computer and were used to correct the HOzNOz 
spectra for the NOa contribution. The amount of NOz was determined from 
its structured spectrum between 400 and 600 nm, and it was found to be less 
than 0.05 Torr in most cases. The maximum amount of NzOd present under 
these conditions can be calculated to be less then 1% of the NOz present. 

3.2. HOzNOa spectra 
Some typical IR and UV-VIS spectra of an HOaNOs-HNOs-HsOa- 

NOz mixture prepared by the fist of the two techniques described in Sec- 
tion 2.2 are shown in Figs. 3 and 4. In Fig. 4 the 500 - 280 nm and 340 - 
250 nm spectra were taken with a cell of path length 180 cm while the 260 - 

Fig. 1. The UV spectrum of HNOa vapor: -, this work;---, 
ref, 16. 

from ref. 16; A, from 
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TABLE 1 

Absorption crosssectionsof HNOa and Hz02 

u (X lo20 cm2 molecule-l) 
XNOB Hz02 

190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
260 
265 
260 
265 
270 
276 
280 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 
345 
350 

1560 
1160 
661 
293 
105 
35.6 
16.1 
8.62 
5.66 
3.72 
2.67 
2.10 
1.91 
1.90 
1.88 
1.71 
1.59 
1.35 
1.10 
0.848 
0.607 
0.409 
0.241 
0.146 
0.071 
0.032 
0.012 
0.005 
0.002 

67.2 
56.2 
46.7 
39.6 
33.6 
28.7 
24.5 
20.6 
17.1 
14.0 
11.6 
9.42 
7.69 
6.23 
4.94 
3.86 
3.11 
2.42 
1.87 
1.46 
1.12 
0.870 
0.663 
0.493 
0.364 
0.280 
0.200 
0.140 
0.105 
0.078 
0.055 
0.04 
0.03 

200 nm spectra were taken with a 10 cm cell. As can be seen in Fig. 4, the 
absorption in the visible is due entirely to NO2 whereas HNOs is responsible 
for most of the absorption for wavelengths below 210 nm. 

The IR absorption cross sections of HOzN02 at a resolution of 1 cm-’ 
and 1 atm total pressure are given in Table 2. These were obtained from the 
spectra of the gaseous mixtures after subtraction of the HNO, and HzOz 
contributions. The HOzNOz pressures were determined from KBr titrations 
and ranged from 0.2 to 1.0 Torr. Beer’s law was shown to hold for the P, Q 
and R branches of the four absorption bands. As can be seen in Table 2, our 
absorption cross sections for the 810 - 814 cm-’ R branch and the 1295 - 
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Fig. 2. The UV spectrum of Hz02 vapor. * -, this work; o, from ref. 17; A, from ref. 
14. 

Fig. 3. Typical IR spectra of a mixture containing HO2NO2 formed via Hz02 + HNOa : 
(a) product spectrum from H202 + HNOa reaction; (b) residual spectrum (H02NOa) 
after subtraction of HNOa, HzOg, NO2 and HgO. 
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Fig. 4. Typical UV-VIS spectra of a mixture containing HOzNOz formed via Ha02 + 
HNoa: - original spectrum ; - - -, original epsctrum after correcting for NOa; 
- * - * -, pre’tious spectrum after correcting for HNO 3; - - - -, previous spectrum after 
correcting for H202. 
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TABLE 2 

IR absorption cross sections of HO2N02 at a resolution of 1 cm-’ 

Y (cn? ) u (x 1o18 cm2 molecule -1 ) 

This worka Grahum et ul. [81b 

802.7 (Q) 1.0 1.5 
1304.2 (Q) 1.3 1.6 
1396.9 (Q) 0.54 0.6 
1728.3 (Q) 1.4 1.7 

810 - 814 (R) 0.66 0.66 
1295 - 1296 (P) 0.90 1.0 

aTotal pressure, 1 atm. 
bTotal pressure, 1 - 20 Torr. 

1296 cm-l P branch are in good agreement with those reported by Graham 
et al. [ 81 while those for the Q branches are lower; this is probably due to 
pressure-broadening effects. We did not include the cross sections for the 
3540 cm- ’ band because of the relatively low signal-to-noise ratio arising 
from the weak response of our detector in that spectral region. 

The UV absorption cross sections of H02N02 vapor at 298 K are pre- 
sented in Table 3 and Fig. 5; the cross section values reported by other 
workers are also included for comparison. Our results are based on spectra of 
approximately 60 gaseous samples of H02N02 prepared by the two different 
methods described in Section 2.2 and using three different flow rates. Some 
spectra were taken with the H02NOz sample flowing through the UV cell 
followed by the IR cell, and some were recorded with the two cells in reverse 
order. Beer’s law was obeyed throughout the HOzNOz pressure range used in 
our absorption measurements, i.e. 0.2 - 1.0 Torr. The standard deviation was 
about 10% around 190 nm, 5% in the 200 - 270 nm range and it increased to 
about 30% at 330 nm. 

3.3. Chemical kinetic considerations 
The average residence time of the flowing gaseous mixture in our 

experiments was of the order of 1 min (see Section 2.2), while the HOxNO, 
thermal decomposition lifetime is approximately 10 s at room temperature 
and 1 atm pressure [ 7, 111. However, the NOa-HO2 recombination reaction 
is sufficiently rapid to keep the net rate of homogeneous gas phase decompo- 
sition at a negligible level under our experimental conditions, even consider- 
ing the relatively fast disproportionation of the HO2 radicals: 

1 dW0@%1 ~ 2k 
[H02N02] dt 

k2 D302N0212 < oo58 mh_l 

3kl [NO21 - * ’ 

M 
H02NOs - HO2 + NO2 (5) 
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TABLE3 

Absorptioncrosssectionsof HOzNOz vapor 

X (nm) o(x1o20 cm2 molecule-i} 

This work Cox and Graham Morel &SS0n 

Patrick [ll] &al_ [S] etuz. [12] etd. [6]* 

190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
340 
350 
360 

1010 
816 
563 
367 
241 
164 
120 
95.2 
80.8 
69.8 
59.1 
49.7 
41.8 
35.1 
27.8 
22.4 
17.8 
13.4 
9.3 
6.3 
4.0 
2.6 
1.6 
1.1 
0.7 
0.4 
0.3 
0.2 
0.1 

404 
434 
420 
378 
298 
220 
163 
120 
93 
76 
66 
54 
44 
30 

<lO 

1610 
960 
640 
430 
290 
200 
154 
123 
99 
82 
68 
58 
61 
45 
40 
35 
28 
23 
18 
14 
11 
8.4 
6.2 
5.0 
4.2 
3.6 
3.0 
2.6 
2.2 

435 
382 
289 
232 
164 
121 
97 
86 
74 
61 
52 
40 
34 
27 
23 
15 
12 
10 
5 

1.4 

0.92 

0.59 

0.1 
0.01 
0.0037 
0.0016 

aAqueous solution. 

M 
HO2 + NO2 - H02NOz (61 

HO2 + HO2 - Hz02 + 02 (7) 

We observed considerably larger decomposition rates, up to 5% min- l, 
presumably because of heterogeneous processes. The procedure employed in 
our experiment was designed to minimize the latter processes: in addition to 
a small germanium surface, only glass and Teflon surfaces were present; the 
flowing mixture conditioned these surfaces and replenished the components 
of interest, thus eliminating the accumulation of impurities. The relatively 
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Fig. 5. The UV spectrum of HOzN02 vapor: -, this work; - - -, fromref. 12;---, 
from ref. 11; - * - * -, from ref. 8; - - - -, from ref. 6, aqueous solution. 

Fig. 6. The atmospheric photodissociation rate of HOzN02. 

high pressure (1 atm Nz) of the inert carrier gas also slowed down diffusion 
to the walls. 

3.4. Comparison with other measurements 
Our measured UV absorption cross sections are in reasonable agreement 

with those reported by Graham et al. [ES] except in the critical wavelength 
range for atmospheric photodissociation, i.e. 290 - 330 nm, where our num- 
bers are about an order of magnitude smaller (see Fig. 5). The maximum 
H02N02 concentration was approximately 50 times larger and the maximum 
optical path length approximately 10 times smaller in our work. Thus, the 
net absorbance due to H02N02 should be up to 5 times greater in our UV 
cell. The discrepancy is well outside the limits of experimental error: the 
presence of unidentified impurities in our system can only increase the 
apparent H0aN02 cross sections and we estimate an error of at most 50% 
from oversubtraction of absorbance due to NOz, HNO, or HsOs. We can 
only speculate that some trace impurity might have been present in the work 
of Graham et al., or the NO2 absorbance was not subtracted with sufficient 
accuracy or perhaps they had complications with the UV instrumentation: a 
single-beam, single-monochromator and multiple-path UV spectrometer does 
not easily attain the extreme baseline stability required for absorbance 
measurements in the 0.005 - 0.02 range. 

Our HOzNOz cross section values differ somewhat from those reported 
by Jesson et al. [ 61 (see Fig. 5), but fall within their large estimated uncer- 
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tainty. As may be seen in the figure, our cross section values are in fair agree- 
ment with those of Cox and Patrick [ 111 and of Morel et al. [ 121, although 

our experimental uncertainty is not large enough to accommodate their 
values. However, these two seti of results were obtained through a measure- 
ment of the UV spectrum of static photolysis mixtures containing small 
amounts of HOsNOg and containing many additional components, including 
Cl2 and 0s. The composition of these complex mixtures was inferred solely 
from the UV spectrum itself and from kinetic considerations, and no IR or 
other chemical analysis was attempted; thus, we believe that the uncer- 
tainty in the work we report here is considerably smaller. 

3.6. Atmospheric photo&so& tiara rate 
Figure 6 shows the atmospheric photodissociation rate of HOzNOs as a 

function of altitude calculated with the cross section values presented in 
Table 1 and using the Lawrence Livermore Laboratory 1-D atmospheric 
photochemistry model [ 181. The photodissociation rate in the troposphere 
is J- 1O-6 s-‘, which corresponds to a lifetime l/J of the order of 1 day. 
This lifetime might be actually longer in the lower stratosphere because of 
the lower temperatures prevailing at those altitudes: the cross sections in the 
wing of an absorption band often decrease with temperature. In the upper 
stratosphere photolysis will occur much more rapidly and predominantly 
with radiation in the 200 nm window. 

The photodissociation rate calculation assumes unit quantum yield for 
photodecomposition, as expected from the continuous nature of the HOs- 
NOa absorption spectrum. Also, the calculated rate includes only contribu- 
tions from wavelengths shorter than 330 nm, since we were unable to 
measure absorption cross sections beyond this wavelength. The calculated 
photodissociation rate in the troposphere increases by about 30% if the 
absorption cross sections beyond 330 nm are computed by extrapolation: 
the logarithm of the absorption cross sections between 280 and 330 nm 
changes linearly with wavelength, as can be seen in Fig. 5. 

Our experiments provide no information on the identity of the primary 
photolysis products: oxygen atoms, OH and HOs radicals are plausible 
species. This identity is likely to have little effect on predicted H02N0s 
profiles [ 6 J , but might play some role in overall NO, chemistry at altitudes 
where HOzNOz photodissociates rapidly. 
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