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Reconsideration of the Rate Constant for the Reaction of Hydroxyl Radicals with Nitric

temperature and depends on pressure. The pressure dependence

Acid
Steven S. Brown! Ranajit K. Talukdar, ¥ and A. R. Ravishankara*+$
National Oceanic and Atmospheric Administration, Aeronomy Laboratory, R/E/AL2, 325 Broadway,
Boulder, Colorado 80303
Receied: December 11, 1998; In Final Form: February 22, 1999
We report rate coefficients for the reaction of OH with Hj\®, between 10 and 500 Torr of He, §IN,,
and Q and at 10 different temperatures between 200 and 375 K. We generated OH via pulsed photolysis of
HNO; and monitored the [OH] temporal profile via pulsed laser induced fluorescence. Below 300 K the
value ofk; increases rapidly with decreasing
of k; at low temperature is significantly larger than that obtained by extrapolation of the currently available
data. The pressure and temperature dependence is most likely due to a competition between direct abstraction
and reactive complex formation. A rate constant expression derived from such a mechanism gives a global
fit for k; that is applicable to atmospheric conditions. The new rate constant alters the calculagtéd NO
HNO; ratio in the lower stratosphere.

Introduction

Although the reaction of hydroxyl radicals with nitric acid
plays an important role in N(Xdefined as the sum of NO and
NO,) chemistry in the upper atmosphere, there is still significant
uncertainty in its rate constant and products at low temperature.

OH + HNO, — H,0 + NO, (1a)
— H,0, + NO, (1b)

Reaction 1a is the dominant product charhalthough some

cm® molecule’? s71) and that it showed at most only a weak
temperature dependenttBecause the reaction appeared to
proceed via simple H atom abstraction, a pressure dependence
was not expected, and the authors of the early studies did not
examine this question. A later study by Wine e aising a

flash photolysis-resonance fluorescence apparatus showed that
ki was significantly larger than originally thought and that it
displayed a strong negative temperature dependence. These
authors pointed out the important implications of the lardger
values for model calculations of N@vels and ozone loss rates

in the stratosphere. The significant impact of the larger rate

contribution from (1b) cannot be ruled out, as discussed further constant led to a flurry of interest in reactiof 25 Most studies

below. In addition to its atmospheric importance, reaction 1 is

confirmed the larger rate constants and negative temperature

of fundamental interest because. of its mechanism. The ratedependence, although some discrepancies remained. Two stud-
constant has been reported to display a strong negative temies?15 established that in addition to a negative temperature
perature dependence and a weak but measurable pressur@ependence, the reaction displayed a measurable pressure

dependence below (but not above) room temperdtiieese

dependence at low temperature. Margitan and W&t§iost

observations suggest a competition between direct abstractiondemonstrated this effect over the pressure rangelD0 Torr

of a hydrogen atom from nitric acid and association to form a
reactive hydroxyl/nitric acid complex.

In the stratosphere, nitric acid serves as a reservoir for NO
that is unreactive toward £lt is produced either by hydrolysis

in He, Ar, and Sk buffer gases. They found the room-
temperature pressure dependence to lie within the error bars of
a typical experiment, explaining why previous studies had
overlooked it. Stachnik et &).measured;, in 10, 60, and 730

of N2Os in the condensed phase or by the gas-phase associatiorrorr of He, N, and Sk at both room temperature and 248 K,

reaction of OH with NG.
OH+ NO,+ M — HNO;+ M (2)

Destruction of nitric acid to regenerate NOccurs either by
reaction 1 followed by photolysis of Nf@r by direct photolysis.

HNO, + hv — OH + NO, ©)

Initial measurements df; suggested that it was smak {013
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confirming a clear pressure dependence. Their study provides
the only currently available measurement of the variatioky of
with pressure in K buffer gas.

Because the rate constant for reactiorks $trongly affects
the balance between N@nd HNQ, and because there are no
previous measurements of the pressure dependenceon®y
buffer gases at temperatures below 250 K, we undertook a
reexamination ok; over the pressure range -1800 Torr in
He, Np, O,, and Sk at temperatures between 200 and 375 K.
We used pulsed laser photolysis to generate OH in excesgHNO
and detected OH via laser-induced fluorescence (LIF). Our
results agree well with most of the previous flash photolysis/
OH fluorescence studies; however, because of more extensive
measurements, we are able to show Kads significantly larger
at lower temperatures and higher pressures than the current
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Figure 1. Experimental apparatus showing the pulsed photolysis laser
induced fluorescence cell. Also pictured is the HN&@nNcentration
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which crossed at right angles in most experiments, and a fifth
window on the bottom for viewing OH fluorescence perpen-
dicular to the plane of the laser beams. In some experiments,
the photolysis and probe beams counterpropagated through the
same set of windows, as shown in Figure 1.

The linear gas flow velocity through the 150 €meaction
cell volume was 510 cm s at all pressures, fast enough to
refresh the gas mixture in the reaction zone everp laser
shots in this 10 Hz experiment. Variation of the linear flow
velocity had no effect on the measured rate constants. Anhydrous
nitric acid was stored in a Pyrex bubbler, and the vapor was
introduced into the reaction cell at concentrations betwegn 6
10 and 1.3x 10 cm™3 (see Table 1) using a small, variable
flow of the bath gas. The nitric acid bubbler was mounted in a
temperature controller immersed in a dry ice/ethanol bath. The
temperature controller maintained a constant temperature be-
tween 234 and 273 K in order to regulate the vapor pressure of
the liquid nitric acid. This procedure allowed easy control of
the gas-phase nitric acid concentrations over a wide range of
buffer gas pressures and flow rates. Methanol or ethylene glycol
circulated through a jacket surrounding the reaction cell to

measurement both inside the reaction cell and in an external absorptioncontrol the reaction temperature. A thermocouple mounted just

cell and the LIF measurement of the Niinpurity level. Because of
strong quenching of N® by buffer gases other than He, the Ni@vel
was only measured at low~(0 Torr) He pressure prior to an
experimental run in another gas or at higher pressures.

NASA/JPL recommendations for atmospheric modelirigts

to the new data show that the limiting high-pressure rate constant
has a very strong negative temperature dependence. Curren

recommendations thus underestiméteat temperatures and
pressures characteristic of the lower stratosphere and uppe
troposphere.

Experimental Section

Fluorescence Cell and OH DetectionThe experimental
apparatus, shown in Figure 1, is similar to that used in previous
kinetic studies in this laborato®}.This section briefly describes
the general features of the apparatus, and the following two
sections detail the modifications to the apparatus made to
measurek;.

The OH radicals were produced by 248-nm photolysis of a
small fraction of the HN@reactant with a KrF excimer laser.
The initial OH concentration, as calculated from the measured
photolysis laser fluence and the known 248-nm HNfPoss
section’” was maintained at [OH]< 4 x 10 cm™3. We
adjusted the photolysis laser fluence by inserting different neutral
density filters at each nitric acid concentration so that [©H]
did not vary with [HNQ] during the course of a rate constant
measurement. A factor of 4 variation of [Qf#llso did not affect

above the laser beams measured the gas temperature.

Nitric Acid Concentration Measurement. We measured
gas-phase HN@concentrations by absorbance of the 213.86-
nm line from a Zn lamp in a room-temperature, 100-cm
absorption cell located downstream from the reaction cell. The
detector consisted of a photodiode and a band-pass filter centered

t 214 nm with a fwhm of 22 nm. From the room-temperature
absorption cross section of nitric acid of Burkholder et'al.,
we interpolated a value af = (4.524 0.19) x 1071° cn? at
213.86 nm. The 4.2% uncertaintyo@n this cross section arises
from both the measured uncertainty in the cross section and
the estimated uncertainty in the wavelength in the above study.
We checked the stability of the Zn lamp by periodically
measuring the zero in the absence of nitric acid. Over the course
of any one rate constant measurement, the lamp intensity was
stable to approximately 0.1%, and the measured uncertainty in
the fits of thek' plots (described below) accounted for any small
intensity fluctuations.

Two modifications to the concentration measurement were
necessary at low temperature. First, the maximum usable nitric
acid concentration was small at low temperatures because of
the decrease in the vapor pressure. To measure the smaller
concentrations, we used 184.9-nm light from an Hg lamp and
a solar blind phototube on the external absorption cell when
the reaction cell temperature was 200 K. The large HNOss
section (1.63x 10717 cn? 1719 at this wavelength provided the
necessary sensitivity.

Second, even at partial pressures well below its vapor

the measured rate constants. We monitored the temporal profilepressure, nitric acid tended to adsorb on the Pyrex surfaces of

of the OH concentration by LIF using the frequency-doubled

the reaction cell at temperatures below its freezing point (231

output of a dye laser pumped by the 532-nm second harmonicK). Under these conditions it was necessary to ensure that the

of a Nd:YAG laser. The LIF laser excited the(@Q) line of the
off-diagonal A ¢/ = 1) — X (¢ = 0) transition in OH at 281.91
nm (in air)® and a photomultiplier tube (PMT) collected OH
diagonal fluorescence (eitherz 1 or 0— 0) through a 309

6 nm (fwhm) band-pass filter that rejected scattered laser light
at 282 nm. We scanned a portion of the OH LIF excitation
spectrum including the {f1) — Qa(4) lines in order to verify
that the excitation wavelength was correct, but we did not run
kinetic experiments while monitoring rotational lines other than
Q1(1). The Pyrex reaction cell had four quartz windows at right
angles for introduction of the photolysis and the LIF laser beams,

[HNO3] measured in the external absorption cell accurately
reflected that present in the reaction cell. We therefore made
an additional absorption measurement at 185 nm directly inside
the reaction cell. In this configuration, the photolysis and LIF
beams propagated along the same axis and the absorption was
measured perpendicular to the laser beams (as in Figure 1). The
path length across the reaction cell was 7.5 cm. We checked
the temperature dependence of the HN@ss section at 185

nm by measuring the relative absorption in a pair of 100-cm
absorption cells, one at room temperature and the other at low
temperature; the cross section varied by less than 2% with
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TABLE 1: Measured OH + HNO3 Rate Constants (in Units of 1012 cm® molecule™® s71)

[HNO3] range M =N, M =0, M =He M= Sk
T (K) (105 cm3) P (Torr) ky P (Torr) ka P (Torr) ke P (Torr) kq
200 0.06-0.4 19.8 6.5H 0.56

49.9 10.0+£1.1
100.2 11.2+1.0
146.9 12.2+2.1

210 0.+15 19.9 455 0.71 20.9 3.76: 0.39
50.6 7.24+ 1.24 50.3 4.39%t 0.41
75.0 7.20+ 0.58 99.8 5.85-0.38
100.2 8.21+ 0.93 199.9 7.2°% 0.62
150.1 8.51+ 0.96 499.0 8.55% 0.96
201.5 8.48+ 1.22
299.8 9.68t 1.55
499.3 11.14+3.0
220 0.15-2.1 20.2 3.5H0.30 19.6 2.74-0.19
50.0 4.92+ 0.36 50.2 3.52:0.25
75.0 5.424+-0.38 100.5 451 0.29
100.7 6.09t 0.42 200.6 5.42t 0.63
150.6 6.3+ 0.37 497.5 6.74k 0.50
200.1 6.52+ 0.46
302.1 6.94+ 0.54
499.4 8.04+ 0.64
235 0.25-5.0 19.9 2.85:0.14 10.1 2.3k 0.16 20.1 3.08t 0.16
50.1 3.60+ 0.19 49.4 3.56t 0.20 19.9 2.38:0.17 99.6 4.24-0.24
100.0 4.07+ 0.18 50.0 2.79:0.16 500.2 5.43t 0.46
198.8 4.69 0.22 99.8 3.240.16
498.7 5.05£ 0.32 199.1 3.640.21
498.9 4.27+0.19
250 0.5-10 20.0 2.30£0.11 10.0 1.95:0.13 20.0 237 0.12
50.0 2.60+0.13 20.1 2.05:0.12 99.8 2.8#0.14
100.2 2.80+ 0.15 49.8 2.29:0.14 498.8 3.2%0.17
200.6 2.94+ 0.16 100.0 2.56:0.13
500.8 3.0+ 0.17 200.6 2.85:0.18
500.1 3.08£ 0.17
273 0.5-12 19.6 1.5# 0.09 19.7 1.56t 0.10 20.0 1.54£0.10 20.1 1.64t 0.09
49.9 1.88+ 0.10 49.8 1.670.08 100.2 1.930.09
100.1 2.00+ 0.10 99.5 2.05:0.11 99.9 1.85 0.08 498.2 2.1%0.10
199.9 2.01£0.09 200.5 1.92-0.09
498.6 2.05£0.11 495.6 2.05% 0.09
296 0.9-12 19.8 1.25+ 0.07 20.2 1.2 0.07 23.7 1.25t 0.06
50.0 1.39+ 0.06 50.0 1.3# 0.07 100.5 1.46-0.07
100.2 1.47+0.08 100.0 1.4% 0.06 498.0 1.62- 0.07
199.5 1.51+0.07 200.2 1.560.07
499.6 1.54+0.11 498.4 1.54t 0.07
325 0.9-12 20.5 1.10+ 0.06 20.4 1.13£ 0.06 20.0 1.0 0.05
50.0 1.06+ 0.06 50.0 1.16t 0.07 99.8 1.11%0.05
99.8 1.14+ 0.06 99.8 1.18t 0.06 499.8 1.19+0.06
200.0 1.14+ 0.07 199.9 1.19 0.05
498.6 1.16+ 0.07 499.6 1.190.05
350 0.7~12 19.8 0.99+ 0.07 20.1 1.04: 0.05 19.9 0.95-0.05
99.7 1.09+ 0.06 50.0 1.0A0.06 100.0 0.98- 0.05
500.1 1.1+ 0.07 99.5 1.03t 0.05 500.3 1.13: 0.06

200.3 1.09+ 0.06
500.7 1.05+0.06

373 0.9-13 99.8 1.02£ 0.05

temperature. Concentrations measured by absorption inside theion cell (see Figure 1). A beam splitter separated approximately
reaction cell were the same as those measured in the externa0 mJ of the Nd:YAG second harmonic just prior to the dye
cell to within 5%. We used the external absorption measurementlaser. After collimation, the light propagated along the length
to calculate all rate constants reported here. of a 2.5-cm diameter cylindrical fluorescence cell that had
Determination of NO, Impurity Level. Because; showed Brewster angle windows, Wood'’s horns, and baffles to reduce
an unusual pressure and temperature dependence, it wascattered light. A red sensitive PMT viewed Nfluorescence
important to establish that the observed behavior was not duethroughf/l optics and a series of cutoff filters that rejected most
to a contribution from the pressure dependent associationof the scattered 532-nm laser light but passed Ri@rescence
reaction of OH radicals with the NOimpurity that was at1 > 600 nm. The NQ@ fluorescence spectrum is broad and
inevitably present in the HN{sample. We measured the NO  diffuse and extends several hundred nanometers to the red of
concentration in the reaction mixture via 532-nm LIF in a second the excitation wavelengt.Because the most important limita-
fluorescence cell located downstream from the external absorp-tion to the detection sensitivity was quenching of NiDores-
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cence, we measured the pl@ontent of the HN@ sample at 1
low pressure in He. Under these conditions, H\@s the most
effective quencher. Therefore, we calibrated the,MQores-
cence intensity by adding known quantities of N® a flowing
reaction mixture that included HNQrapor. The NQ content
of the HNG; vapor did not vary measurably over a range of
10-50 Torr of He buffer gas, and we do not expect it to change 01
significantly at higher pressures or in different bath gases.
The measured fraction of NOn HNO3; was (0.2-1.0) x
104, low enough that the OH NO; reaction is an insignificant
contributor to measured OH loss rates. In some cases, photolysi
of HNO; was a comparably large NGource. We measured
the NG level at HNG concentrations ranging from & 10'°
to 2 x 10' and found no dependence on [HDther factors,
including the age of the HNgsample, the condition for storage,
and the carrier gas flow rate through the liquid sample during
use were important in the amount of M©ontamination. In
particular, the N@ concentrations were quite high (£Q00
times higher than the fractions listed above) upon first use of a N I T e
sample that had been stored overnight. The,M@s removed 0%%0 03 06 0.9 12 15 1.8x10°
as carrier gas flowed through the liquid HN@eservoir, and time (s)
approximately 16-20 min of carrier gas flow through the liquid ~ Figure 2. Typical set of OH temporal profiles (In [OH] @ in excess
HNO; reservoir brought the NOfraction to a steady value  nitric acid (P = 50 Torr of N, T = 250 K). The slope of the lines
within the range isted above. Therefoe, we flowed he carer S, e e ieorir e onsiant s e e ot ot
gas through the bubbler for about a half hqur prior to making rate constantk.. ' 9
rate constant measurements. Even at the highest measuged NO
concentrations and lowest temperatures, reaction witlh NO
accounted for less than 1% of the total measured OH loss rate
Other potential impurities in anhydrous HNGamples
include NGQ and NOs.2! The NG; level in gas-phase HNQs
generally smaller than that of NGand thus should have no
influence on measured OH loss rates. We can rule out possible
influence from NOs since its concentration depends strongly
on the amount of water present in the HN®ample. We
measured; under similar conditions of pressure and temper-
ﬁ:g;gi;sg ;g&;ggﬁﬁ&;gﬁ?iﬁpﬁa Z?sdtilllsesdm(?u tcg;n gas and that we can neglect the coIIisiona_I stabilization by EINO
. to the measured pressure dependendag.in
desgrlbed abo_ve) and found _the rate constants to be the same Table 1 presents the measukgds a function of temperature,
;Omvghhr:?segfp@ggqgaltﬁgZer::,%%'uzuﬁg%rg%ee}vtvf saggs:jezgna” pressure, andobgtrllgas.dThﬁ temperatures Ii(s)tgd_lin the Ttr?ble are
. . accurate to+0.5 K, and the pressures t0.3 Torr. The
méo;’é?r&%t'so&ggﬁé’ @LZ?S’QCVZVZ:?]V& r;?]tti(ili;)ea&iyt?aeta;lgjd uncertajnties in the rate constants come from thepliécisi'on
influence our measurements. of the K p_Iots and the uncertainties in the Hbl@b_sorptlon
We synthesized anhydrous HN®y adding concentrated cross sections. B(_acause our primary interest was in deflqlng_
sulfuric acid to solid sodium nitrate at low pressure and under atmospheric condltlor_\s, the data set is more extensive
for N, than for He or SE; particularly at low temperature. The

collecting the evolving nitric acid vapor in a liquid nitrogen data | . -
. - ata in He and Sfwere useful in determining the approach to
cooled trap. We stored the sample in a freezer at 243 K in the high- and low-pressure behavior of the as described in the

dark and used it without further purification other than the daily next section. There are several additiokameasurements in

distillation procedure described above. 0O,. Because @is a very efficient OH fluorescence quencher,
measurements of OH decays irnp @ere significantly more
difficult and only a few values ok; in O, appear in Table 1.

Figure 2 displays a typical set of OH temporal profiles in  Our data show, however, that there is no difference between
excess HN@ ([HNOs] > 10° [OH]o). The following equation ~ measured in Band G bath gases to within the experimental
represents the temporal profile of the OH concentration. uncertainty. Figure 3 illustrates this point with a plotiofvs

[HNOg] in Oz and N, at two pressures at 273 K.
| ([OH]

n m) = —(k[HNO4] + k)t = —Kt 4)

2000 E
o~ 15001 E
@

k%

1000 =
500 =

| I I I I [N JR B |
01 2 3 4 5 6 7 9x10”

HNO; Concentration (cm'a)

[HNO;] = 8.64 x 10" e

Signal (x’rbitrary Units)

[HNO,) =339 x 10" cm™®

°©
2

[HNO;] = 8.45 x 10" cm™®

with a precision of 25% (27). The slope of a plot ok’ against

‘the measured [HNg) gavek;, as the inset in the figure shows.
To obtain each bimolecular rate constant, we measured ap-
proximately seven pseudo-first-order rate constants spanning
more than 1 order of magnitude in HN@oncentration. The
intercepts Kq) of thek' vs [HNOg] plots varied between 20 and
100 st depending on buffer gas, total pressure and temperature.
The lack of curvature in thié vs [HNGO;] plots shows that HN@

is not a highly more efficient collision partner than the bath

Results

Discussion

A. Pressure Dependences:igure 4 displays our measured
Herek' is the observed first-order loss rate constant, kanid values ofk; in He and N over the pressure range-2800 Torr
the first-order OH loss rate constant in the absence of FINO at 296, 250, and 220 K. The data from several other studies,
(not directly measured) due to diffusion, reaction with impurities including those from Stachnik et &k Margitan and Watsof,
in the buffer gas, and flow out of the reaction zone. We typically and Devolder et a? also appear in the figure. The first two
observed an OH concentration change over32orders of sets of literature data are compared because they are the only
magnitude and fit the observed decays to eq 4 to deterRiine previous studies that explicitly considered a pressure dependence
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T T | T from Margitan and Watsdrare somewhat smaller than our He
measurements; however, the differences between the two
measurements lie within the combined uncertainties. The solid
lines in Figure 4 are global fits to all of the data. We discuss
the form of the fitting function, its origin and the data included
in the fit further below. The dashed lines are the current NASA
recommendationfor k; for atmospheric modeling.

7 The pressure dependence at 296 K is weak but discernible.
Our data show an approximately 25% increaslk, iftom 20 to

500 Torr, and no strong dependence on the identity of the buffer
- gas. Several previous studies found no pressure dependence for
k;,13 probably in part because the effect is small at room

2000

OH+ HNO, at 273K
------ e M=N,
1500 |—— ™ M=0

100 Torr

K

1000 -

500

- temperature. The difference between rate constants at high and
0 ‘ ! ! I L . low pressures lies within the uncertainty of some experiments,
0 2 4 6 8 10x10 and the effect due to the buffer gas identity is negligible. The
HNO; Concentration (cm™) NASA/JPL recommendatidrior k; at 296 K is 5-10% smaller
Figure 3. Plot of the pseudo-first-order rate constant for loss of OH than our values over the entire pressure range, although the
Vs nitric acid concentration in 20 and 100 Torr of &nd N> at 273 K. difference is close to the uncertainty in our data. The recom-
Linear fits to the data for each buffer gas give the same slope to within mendation (for N/O,) agrees well withk; measured in He by
the experimental uncertainty. Margitan and Watsob.

The middle traces in Figure 4 show the somewhat stronger
pressure dependence at 250 K. There is an approximately 2-fold
change ink; from 20 to 500 Torr and a clear dependence on

8IIIII T T T T T T T T T T T T

7 T}fsvrg?k. He the identity of the buffer gas. Interestingly, however, Table 1
S e shows that although there is a large difference between values

of ky in He and N, there is almost no difference between these
values in N and Sk. The lack of difference between the latter
two gases is unusual, but it has been seen in other sttitfies,
and it may be another reason the pressure dependenice of
initially went unrecognized. The NASA/JPL recommendation
at 250 K falls approximately 20% below our, Kate constants
over most of the pressure range. As in the room-temperature
data, the recommendation appears to fit the He data of Margitan
and Watsoh but does not reproduce the values relevant to
the atmosphere. The low-pressure rate constant of Devolder et
all? agrees well with the low-pressure limit of the global fits.

The 220 K data in the upper traces of Figure 4 show a 4-fold
difference between the low- and high-pressure rate constants.
There is relatively little literature data with which to compare
at this temperature. Marinelli and Johnsteeportedk; values
at 218 K that fall at the low-pressure end of the fits in Figure
4 and agree, within their uncertainty, with our results. The 220
K NASA/JPL recommendatidnunderestimates the ;Nrate
constants by 50% at the highest pressures measured.

M] (em™) We were unable to measure a pressure dependence above
Figure 4. Pressure dependence kaf at 296, 250, and 220 K. The 300 K. There ".’“e fewe, measurements in Table 1 above 300
plots display data from this work for Nand He buffer gases as well K than below, in part because the lack of a pressure dependence
as relevant literature data, as the legend shows. The solid lines are fitsrequires fewer measurements to characterize the rate constant,
of our data plus several literature studies to eq 5 (see text). The upperand in part because the high-temperature rate constants have
solid curve at each temperature correspondstbwifer gas, and the less relevance to the atmosphere.
lower, to He. The dashed line is the current NASA/JPL recommendation The k; values in Table 1 agree well (i.e., to within the

for the pressure dependencekefat each temperature. . . . . .
experimental uncertainty) with many of the previous studies of
for this reaction. The third study is representative of the low reaction 1 that did not consider a pressure dependencél?
pressure measurements. The low pressure data are consisteris long as we explicitly include the pressure at which the
with the observed variation d¢; at higher pressure, and they previous measurements were made. As such, the new measure-
provide a useful estimate of the low-pressure limiting bimo- ments do not represent a departure from previous ones, but rather
lecular rate constant. (In this paper, the low-pressure limiting an expansion of the number of measurements and the range of
rate constant is simply the value kf at low pressure where it  pressures and temperatures. As noted in the Experimental
is independent of pressure rather than the conventional definitionSection, the usual tests for contributions from secondary
for an association or decomposition reaction.) Our results agreereactions were negative. The careful measurement of the nitric
with previous studies, particularly with the data of Stachnik et acid vapor concentrations at low temperature and the measure-
al. > the only previous investigators who examined the pressure ment of the NQ impurity content serve to further increase the
dependence d; in Ny, albeit by a few measurements (10, 60, confidence in the rate constants reported here. Finally, we note
and 730 Torr at both 297 and 248 K). The valuekpin He that the values ofk; measured with water vapor absent

A Margitan & Watson (He)

& Devolder ez al. (He)
—— Global Fits (N, & He)
------ NASA/IPL

220K

AN IR PR WA RE R AN SUR NSRS ANETRRRET

k, (10" cm’® molecule™ sh

LR R RN R Rl R RN R RN R R R R
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& Ol 4 HNO: =* OH-HNO-* TABLE 2: Fit Parameters for the Expression k; = kg +
o £ T I0T " ooy | Ka/[L + ka/BukdM]] #
A S T ko= (2.41 x 107 exp (4601 cm® molecule* s™*
N M B! Unknown H;0, + NO; ka = (2.69x 10717) exp(2199T) cm?® molecule* s™*
T ke = (6.51x 1073%) exp(13351) cnf moleculel st
\ ’ B(He)=0.38
OH-HNO3  ——— 1 B(N2) = B(Oz) = ff(air) = 1.0
10 4 D B(SFy) = 1.35
oo e, : : :
\ | a All temperatures in Kelvin.
o D \
3 the low-pressure and high-pressure limiting rate constdats (
ka Hy0 + NO; = ke — ko), ke is a termolecular rate constant for the complex
20 4+ k=k + — 5 stabilization step anf@y is the relative stabilization efficiency
1+BMkc ™] for each bath gas. We fit our data by assuming that the
Energy temperature dependence for each of the three rate constants
keal/mol follows an Arrhenius form.
Figure 5. Mechanism for the OHt+ HNO;s reaction, including the )
relative energetics of reactants and products and an estimate of the k = A exp—E/RT) i=0,AcC (6)

energy and structure of a possible intermediate.

(anhycrous HNO samples) and presen (aqueous He 1€ SSSume s fomn or ever e ermoiecul e sonsan
the same. Thus small amounts of water vapor (in comparison. ’ 9 y y

: justified. We simultaneously fit all of our data in HepNand
Lci the number density of the buffer gas) must have no effect on SR, as well as the data of Stachnik et ®l.Margitan and

9 ) . .
B. Reaction Mechanism and Validity of the Fit Function. Watson? and Devolder et afi to arrive at a global fit. The

Several authof®11-15have suggested possible reaction mech- previous section descr_ibes the reasons for in_cluding the data
anisms that could give rise to the observed pressure andfrom only these three literature studies. The fit constrains the

temperature dependence laf Our purpose in discussing the high-pressureks = ko + ka) and low-pressurekg) limiting

mechanism here is to present a physical basis for the fit function t)r:;n?r:freggIg;t;]atzg::s’fﬁr;tsa:: desq Satr? d be tehseezéérr?z (f:i(?]{feergﬁ? of
that we have used in analyzing our data. A more detailed 9 ANHe, 6 giv !

discussion of the reaction mechanism, including rate constantslr:e(lﬁa/::;Eg'i?g?/rf“"l‘ig’i\;'th Veg\:z\?er?:gtaggﬁgzzgge: ttgnzmgrya.\ture
for reactions of isotopically labeled compounds and ab initio plicity, P

calculations of possible reaction intermediates and pathways,de'gfwgngzl?; g;]ﬁo v\\l/ill:r?:.rzgk:il\?ezelrllsgrs gﬁzsﬂto??rr;mi[segfble
will appear in a future publicatiof? 9 9 P

Figure 5 outlines one possible reaction mechanism that is reactive complex and the reaction products. The most likely

consistent with the observed pressure and temperature depens[rUCture for the complex is a doubly hydrogen bonded, six

. . : : membered rin§;'*although other possibilities existNitric acid
dence. The first step is the formation of an excited complex, binds with Hzogin an anglogous [f)ashion and ab initio calcula-
OH-HNOgs*. The excited complex may redissociate, react . ) Vo
directly to form produpts, or collisionglly stabilize to form a gg;?o?(]i(r;ha?ell-i% E(':\;?fn ﬁ?gﬁfg?g;&?ﬁbg{i‘ﬁ%ﬁinnig%te%gfe
more stable intermediate, OHNOs, which also decomposes and assumes similar enérgetics for ®MNIOs. The energetics
to form products. Direct reaction of GHNOs* to products, . ; L
which is essentially the same as direct H-atom abstraction by ?;atcrj[ﬁ)r:;vcl)ap;r?jltils ai);c:/tgeggg areaggcr)r;n ngoifgt;rﬂméﬂsh
OH, likely proceeds over at least a small barrier and should, h ; direct evid f th PP duct 9 +.NO 9
therefore, display a positive temperature dependence and nof ere is no direct evidence for the production okl 2

pressure dependence. Complex formation, on the other handorc:;1 r?gﬁgﬁg slt,ugl C%nggérzzsrl:ﬁsd Oljjet ;;;egségo{hga&g’ay'
is more likely to behave as an association reaction, with a P y q

negative temperature dependence and a positive pressuréj’:r oguzcot bgtagggrplgogf(; 65 i;im gq(jgfoatjtnggi y|I<8|dt;[gtrt1)ea(z.98
dependence. The observedsuggest that the latter mechanism - telv 50 T : fh (t lied
increases in importance as the temperature decreases below roorﬁpprr%xr'nmﬁ; )t/i nf ?([Lprgzséurzal\j @imfat?u;err:en re Ieti gn a
temperature. The temperature and pressure dependences abo SCS 1 760 algﬂcz: T2 2527) that has Ssci)ngeobe(e:r?srz\zgg do A
298 K suggest increasing participation by the “direct” mecha- o= LI0x . )
nism. The only available high-temperature s#idgports a rate reanalysis of the data with the currently recommended cross
' : section ¢ = 2.23 x 107 cn? ?®) gives yields for NQ
constant at very high temperature, 16a000 K, of (1.6+ .
0.3) x 1013 cr® molecule™ s-%. The approximately 60% production of 0.75 at 298 and 0.89 at 251 K. Nelson eéfal.

increase ink, from 350 to 1000 K suggests a weak positive and Jourdain et &l.also reported near unit yields of NGt
temperature dependence 298 K. Experiments are currently underway in this laboratory

Lamb et al*! have shown that the above reaction scheme to éeaft‘jﬁsz tﬁ:rigr?nﬂuﬁig;%gz flc:)ir rjricgci’g;'wm arison of
gives rise to the following form fokj. : P p -9 P

our measuredt; and fits in N between 200 and 325 K to the

Ky current NASA recommendatioriThe solid lines are the global
k,=ky+ T (5) fit for N, as a buffer gas (see Table 2), and the dashed lines are
1+ A the NASA recommendations at the same temperatures. As
BukdIM] described in section A, the recommendation is close to the data

near room temperature, but significantly underestimates the
Hereky is the low-pressure limiting bimolecular rate constant pressure dependence at low temperature. At 200 K and 100 Torr,
arising from the direct reactiork, is the difference between for example, the new fit is a factor of 2 larger than the
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14— . 7 T will be to increase the projected impact of stratospheric, NO
pollution from sources such as aircraft engines.
e 200K 200K
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