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Absolute Rate Constants for the Reaction of OH

with NO, in N, and He from 225 to 389 K
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The temperature dependence of the rate of the reaction OH + NO, + Ny — HNO; + N, was investigated by
using a discharge flow system for OH production and resonance fluorescence for its detection. The reaction
was investigated at room temperature in He, and between 225 and 389 K in N,. The temperature dependence
could be fit by the Arrhenius expression (1.6 = 0.4) X 107! exp[(1560 £ 270)/1.987T] cm® molecule™® s o
preferably by (2.3 £ 0.6) X 10739(T/298)72° cm® molecule? s™'. Earlier data have been used to determine the
temperature dependence of the high-pressure limiting rate constant for this reaction. Troe’s simplified expression
for calculating rate constants in the falloff region was used to compare the appropriateness of different limiting
values for the description of the experimentally observed pressure dependence of the rate constant. This
reevaluation of the rate data suggests more appropriate values for &k, and k.. for use in atmospheric modeling:
ko = 2.3 X 1073%(T/298)%% ¢m® molecule? s~ and k.. = 1.2 X 107(7/298)71¢ cm3 molecule™ s,

Introduction
The atmospheric importance of the reaction
OH + N02 + N2 g HNO3 +‘N2 (1)

has been recognized for several years.! In the stratosphere,
this reaction simultaneously removes reactive HO, and
NO, species of importance in ozone-destruction cycles. In
the troposphere, this reaction is the most important gas-
phase removal process for NO,. Recent tropospheric
modeling has shown that photochemically generated ozone
is very sensitive to the rate constant used for this reaction,
since it converts the photochemically active NO, to a less
active form, HNO3.2° In the urban atmosphere, reaction
1 is expected to be the dominant removal process for active
NO, species.

Reaction 1 has been directly investigated at high pres-
sures by using flash photolysis techniques®™® and at low
pressures by using discharge-flow systems.!®® High-
pressure studies have provided information about the
temperature and pressure dependence of this reaction in
the falloff region between second-order and third-order
behavior. The third-order behavior of the reaction is de-
scribed most directly by the low pressure studies. Due to
the importance of this reaction in the atmosphere, its
temperature dependence should be studied in N,. This
work reports the first direct measurement of the tem-
perature dependence of the termolecular rate constant for
the reaction in N, between 225 and 389 K, as well as a
room temperature measurement in He. Falloff curves are
calculated from the results obtained and are tested by
comparison with experimental data for the reaction over
a broad range of temperatures and pressures.

Experimental Section
The apparatus is a conventional fast-flow system con-

sisting of a Pyrex flow tube 2.5 cm in diameter, with a -

temperature controlled length of about 70 cm. The
downstream end of the flow tube is connected to a
fluorescence cell, which is illuminated by a collimated
beam of resonance radiation from the A 23 — X 2II (0,0)
‘band of OH. Resonantly scattered photons are detected
by a filtered photomultiplier, which is orthogonal to both
the gas flow and the direction of illumination.
Hydroxyl radicals are produced in the flow system by
passing a mixture of hydrogen in helium through a mi-

crowave discharge, forming hydrogen atoms. The H atoms
are then allowed to react with NO, (Matheson, 99.5%
pure) added downstream of the discharge through a fixed
injector or a multiholed 0.6-cm diameter movable Pyrex
injector, which is concentric with the main flow tube. The
helium or nitrogen carrier gas was added to the flow
downstream of the microwave discharge.

The reaction of H atoms with NO, has been shown to
produce vibrationally excited OHinv =1,v = 2, and a
small amount in v = 3.1%18 Spencer and Glass® have
investigated the rates of vibrational deactivation of v =
1and v = 2 by H and NO. In their analysis, they assumed
that the vibrational deactivation efficiency of NO, is about
1/4 that of H atoms. This gives a vibrational deactivation
rate constant of about 7.5 X 107! ¢cm?® molecule™ s7L, which
at the lowest NO, concentration used of about 1 X 104
molecule cm™ gives a lifetime for vibrationally excited OH
of about 0.13 ms. This is without considering the addi-
tional deactivation by N, which is at least two orders of
magnitude more concentrated than. NO,. A negligible
amount of vibrationally excited OH could persist to the
minimum OH observation time of about 2 ms. If vibra-
tionally excited OH had a significant effect on this study
of the OH reaction with NO,, curvature in the pseudo
first-order decay plots would be observed. No such cur-
vature was observed.

The hydrogen/helium, helium, and nitrogen flows were
controlled by using calibrated mass flow controllers (Ty-

. lan). The NO, was taken from a cylinder of liquid N,O,

through a mass flow meter (Hastings) and a needle valve,
which were maintained at a constant temperature. The
mass flow meter response was calibrated by measuring the
pressure rise in a calibrated volume. This pressure rise
was corrected for NO, dimerization. The pressure in the
flow system was measured with a capacitance manometer
(MKS) and the temperature was measured with a ther-
mocouple located inside the movable injector. The tem-
perature in the flow system was maintained constant by
the circulation of a-heated or cooled fluid through the
jacket of the flow tube. A 30 L/s rotary pump (Leybold-

Heraeus) was used to maintain velocities between 1.4 X
10% and 3.3 X 10% cm s~ at pressures between 0.8 and 2.8
torr (1 torr = 133.32 Pa). The OH radical wall loss rate
was minimized by coating the flow tube with hot, syrupy
phosphoric acid.
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TABLE I: Summary of Experimental Conditions and Rate Constants for the OH + NO, + M Reaction®

no. of 10-%(NO,), 10%%,, cm®
T,K expermt molecule ecm™ M press., torr ky,s! molecule™ g™!
298 12 1.65-13.96 He 1.49 49+ 2 1.6+ 0.1
298 10 2.88-12.40 He 2.70 278 1.9: 0.1
298 He : av 1.7+ 0.2
225 10 2.22-4.81 N, 1.10 70:6 3.6z 04
229 11 2.06-4.30 N, 0.97 78+ 6 5.2+ 0.4
234 10 2.99-5.26 N, 1.21 67 £ 22 54+ 1.3
229 N, ) av 4.7+ 1.4
263 10 3.21-10.54 N, 0.99 65+ 6 2.9+ 0.3
263 10 3.06-7.31 N, 1.17 70 4 2.1 0.2
263 10 2.24-6.40 N, 1.47 62+ 6 2.6 + 0.2
263 10 1.81-3.95 N, 1.78 54 * 10 2.8 0.6
263 N, av 2.6 0.7
29§ 12 1.21-10.49 N, 0.84 42+ 4 256+ 0.2
298 10 1.61-11.01 N, 1.23 22+ 2 2.8+ 0.1
298 11 1.63-6.16 N, 1.57 44 + 4 2.8+ 0.2
298 10 1.48-6.06 N, 1.70 156+ 3 2.3: 0.1
298 10 1.13-5.87 N, 1.92 24+ 2 2.2+ 0.1
298 N, av 2,6 04
351 10 3.76-12.86 N, 1.19 61+3 1.6+ 0.1
351 10 4.49-16.25 N, 1.48 LR 1.5+ 0.1
351 10 5.72-10.07 N, 1.87 675 1.5z 0.2
351 N, av 1.5+ 0.2
389 10 9.52-18.01 N, 1.25 676 0.7+ 0.1
389 8 11.837-27.76 N, 1.50 50+ 11 1.0+ 0.2
389 10 7.92-27.35 N, 1.80 49 = 4 1.0z 0.1
389 10 4.35-16.76 N, 1.98 2725 - 1.1+ 0.1
389 10 2.39-9.20 N, 2.32 20+ 3 0.9:0.1
389 N, av 1.0: 0.3

¢ Uncertainty limits are o determined from a weighted-least-squares fit of the pseudo-first-order rate constant vs. concen-
tration data,

[22]
N

Results

The initial OH concentration was about 102 cm™, At
these low concentrations radical-radical reactions, such as

OH+OH—-H,0+0 (2

will be of negligible importance in comparison to the wall
loss rate of about 50 571, The reaction of OH with NO, was
studied for NO, concentrations between about 1 X 10 and
28 X 10'* molecule cm™, and third-body (He and Ny)
concentratiox;s between about 3 X 10 and 9 X 10!6
molecule ¢cm™,

The wall loss rate, &, for OH was determined by in- / Trsc’fféfﬁ'sfﬁife”d
troducing a small flow of NO, through the movable injector O &) , . . .
into the flow of hydrogen atoms in diluent. The OH 15 20 25 30 35 40 45 50
fluorescence signal was monitored as a function of reaction
distance, and. k,, was determined from a fit to a first-order
decay of OH vs. time, The effective bimolecular rate
constant for the OH reaction 1at a particular pressure was
given by the slope of a plot of the observed pseudo-first-
order rate constant vs. NO, concentration. The wall loss
rate for OH given by the intercept of such plots was reg-
ularly compared with the more direct determination of k&,
These values were generally found to compare within 10%.
The wall loss rates determined from the intercepts of the
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Figure 1. Arrhenius plot of k, vs. 1000/ T(K™"): (A) Anastasi and Smith
(extrapolated to low pressure);” (O) Anderson et al.;'? (¢) Harris and
Wayne;™ (+) Howard and Evenson; (O) this work. The solid line
represents a fit to the data from this work to the equation k, = 2.3
X 10-%9(7/298)2®, The dashed line represents the results of a recent
evaluation of kinetics data for this reaction.™

The investigation of the temperature dependence of the
reaction in N, was complicated by the nonnegligible di-

plots are presented in Table I. These values were found
to be relatively constant durmg the course of a day of
experimentation.

Westenberg and de Haas!' and Anderson et al.!2 have
reported a nonzero intercept in plots of the effective bi-
molecular rate constant vs. total pressure, which was in-
terpreted as a heterogeneous removal process. Due to the
limited pressure range of our experiments, the importance
of heterogeneous removal processes could not be accurately

-evaluated. However, such plots for our data gave zero
intercepts within the experimental uncertainty, hence
heterogeneous removal was neglected. The more recent
investigations of reaction 1 in discharge-flow systems have
not reported the heterogeneous removal of QH.13-15

merization of NO, at subambient temperatures. The rate
of NO4s—N,0, equilibration was calculated for the movable
injector and flow tube at the lower temperatures. This
resulted in a reduction in NO, flow of 20% near 229 K,
14% near 263 K, and less than 1% at 298 K. It was as-
sumed that reaction of OH with N,O, occurred at a neg-
ligible rate.

Table I summarizes the results of 224 experiments in-
vestigating the OH reaction with NO, in He and N,.
Tables listing the experimental conditions employed in the
measurement of each pseudo-first-order rate constant are
available as supplementary material. Figure 1 shows an
Arrhenius plot of the termolecular rate constants. The
Arrhenius fit of this data resulted in ko = (1.6 £ 0.4) X 1073
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TABLE II: Comparison of the Direct Measurements of the Rate of the Termolecular Reaction OH + NO, + M

10%F, (at
298 K), cm®
ref technique? third body press., torr molecule™? s7? temp dependence
5 FP-RA He 20-300 1.1
10 DF-RF Ar 0.5-10 1.0
N, 8 2.0
11 DF-ESR He 0.5-5 1.6 —2200 cal/mol
Ar 0.5-4 0.8
12 DF-RF He 1-10 1.0
Ar 1-10 1.0 ~1800 cal/mol, T 2%
N, 1-8 2.3
13 DF-LMR N, 0.5-2 2.9
14 DF-RF Ar 1-3 1.5
N, 2.6
6 FP-RA N, 10-120 2.3
7 FP-RA He 26 0.9
Ar 25 1.1
N, 10-500 2.6 —1600 cal/mol, T"2*¢
o, 25 1.8
SF, 25-500 6.7
8 FP-RF Ar 25-650 1.0
N, 25
15 DF-RF He 3-9 1.0 —1700 cal/mol, T*-°
Co, 4 4.0
9 FP-RF He 14-690 b
Ar 14-840 b
N, 14-230 b
SF, 14-690 b
this work DF-RF He 1.5-3 1.7
N, 0.8-2 2.5 -1600 cal/mol, T"%-*

% OH production: DF, discharge flow; FP, flash photolysis.

their data.

exp[(1560 * 270)/1.987T) cm® molecule® s”1. The data
were also fit to the form &y = (2.3 £ 0.6) X 103(T"/298)7%°
cm® molecule? 571, This preferred fit to the data is shown
as the solid line in Figure 1. The room temperature rate
constant found in He was (1.7 £ 0.5) X 10® ¢cm® molecule™
gL, The possible contributions to systematic errors have
been analyzed and led to an overall error estimate of about
+25%. The error limits reported in this work reflect this
overall error estimate.

Discussion

Table II summarizes the published data on the direct
measurement of the rate of reaction 1. Qur value for the
rate of reaction in helium is somewhat higher than most
of the results reported previously, but is still in reasonable
agreement with those studies. The helium results are
based on a limited number of experiments and are subject
to greater uncertainty than our nitrogen results. The room
temperature result for the nitrogen experiments is in ex-
cellent agreement with previously reported results. This
work provides the first direct measurement of the tem-
perature dependence of the termolecular reaction in ni-
trogen over a temperature range from 225 to 389 K. The
resulting temperature dependence is in excellent agree-
ment with previous measurements in helium and argon.
Figure 1 shows the comparison of the temperature-de-
pendent data for the reaction in nitrogen. There is rea-
sonable agreement with other low-pressure measurements
made in nitrogen near room temperature and with the
results of extrapolation of high-pressure measurements to
the low-pressure regime. The differences seem to be
greater at higher temperatures, which are of less interest
in the atmosphere. The solid curve in Figure 1 is the result
of a least-squares fit to an equation of the form &y = B-
(T/298)™ for the the rate constants measured in this work.
The dashed curve (Figure 1) shows the results of a recent
evaluation of low-pressure kinetics data for the OH + NO,
+ N, reaction.?

OH detection: RA, resonance absorption; RF, resonance
fluorescence; ESR, electron spin resonance; LMR, laser magnetic resonance. ? Wine et al.® did not report a value of k, from

Under pressure conditions of the troposphere and
stratosphere, where reaction 1 is believed to be of signif-
icance, the reaction will be in the falloff region, neither a -
bimolecular nor a termolecular reaction. Troe?®?! has
developed a simple expression for the calculation of rate
constants in the falloff region. The expression is

ko[M]

= (). 81+ {log(k [M] /R )1H
T+ M) /5,08 ’

k 3)

where k is the low-pressure limiting rate constant and k.,
is the high-pressure limiting rate constant. The value of
ko has been determined in this work. Anastasi and Smith’
have extrapolated falloff curves for their pressure-de-
pendent data for the rate of reaction 1 to the high-pressure
limit. This data gives k. = 1.3 X 107'1(7/298)20 c¢m?®
molecule™ s~ for the temperature range from 220 to 550
K. Glanzer and Troe? have investigated the reverse re-
action, nitric acid decomposition in shock tube studies
between 900 and 1100 K. Combining the high-pressure
limit of the rate data for the decomposition reaction with
the equilibrium constant for the reaction, one can deter-
mine the high-pressure limit for the recombination reaction
1. In conjunction with the data of Anastasi and Smith’,
the high-pressure limit becomes k., = 1.2 X 10711(7'/298)"16

-em® molecule™ s7! over the temperature range from 220

to 1100 K.

Troe’s expression (3)2%% relating the rate constant of a
reaction in the falloff region to kg and k.. has been used
to evaluate the fit of falloff curves for different &y and k.
values to the measured data for the OH reaction with NO,
in N,. Three sets of ky and k., values were evaluated: (a)
ko = 2.3 X 107%(7/298)%° cm® molecule™ s, this work,
and k.. = 1.3 X 1074(7"/298)%° cm® molecule™ s71, Anastasi
and Smith;? (b) ko = 2.3 X 1073°(7T/298)2 ¢cm® molecule
71, this work, and k., = 1.2 X 107(7/298)*€ cm? mole-
cule? s, reevaluated in this work; and (c) ko = 2.6 X
10-%(T'/300)2° cm® molecule? s, NASA evaluation,'® and
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TABLE III: Percentages of Experimentally Determined
Rate Constants for OH + NO, + N, Predicted by Eq 3
with Three Sets of Values for k, and ke

ref LK (a),% (b),% (c),%
High Pressure Data
7 220 93 86 118

238 111 106 139
265 119 114 150
296 93 90 126
358 96 96 134
450 137 141 203
560 130 138 199

av 111 110 153
8 298 114 112 141
9 247 99 94 128

297 104 101 136
352 103 102 138

av 102 99 134
high pressure average 109 107 147
Low Pressure Data
10 298 115 115 130
12 298 100 100 113
13 298 79 79 90
14 298 89 89 100
this work 229 100 100 118

263 120" 120 140
298 86 86 100
351 89 89 104
389 107 107 124
av 100 100 117
low pressure data 98 98 113

% (a)k,=23% 107®(T/298)*° ecm®s™', k, = 1.3 X
10°(7/298Y *° em?*s™!. (b) k, = 2.3 X 10°%(T/298)*°
em® sk, =1.2x 10°"(T/298) ¢ em®s™!. (¢)k,=
2.6 X 107®(T/300y*° em®s™!, bk, = 2.4 X 10°'*}(T/
300)'*em?s !,

k., = 2.4 X 1071(T/300)!? cm® molecule™ s7!, NASA
evaluation.!® Table III shows the percentage of the ex-
perimentally determined rate constants for reaction 1 that
were predicted by using these three sets of &k, and k.
values, the experimental temperatures and pressures, and
eq 3. Both sets of parameters (a) and (b) do about equally
well at calculating the rate constants in the falloff region,
giving 109 and 107%, respectively, as an average for all of
the data. These do much better than (c) from the NASA
evaluation,'® which results in 147% of the experimentally
determined rate constants. In the low pressure region k
= ko[M] and all three expressions give good agreement
with the experimental data, since there is only a small
difference in the k, values.

The major part of the discrepancy between the results
of the NASA evaluation!® and the available experimental
data for reaction 1 is in the high-pressure region, and is
due to the choice of k... Even if Troe’s expression (3)202!
is not theoretically correct, the expression using the pa-
rameters (a) or (b) gives a much better empirical fit of the
data for reaction 1 than does the NASA" choice of pa-
rameters, (c). This empirical accuracy is required for
tropospheric and stratospheric modeling.

Figure 2 shows a plot of the altitude dependence of the
rate constant for reaction 1 calculated by using the sim-
plified falloff expression (3)2%%! for standard atmosphere
conditions.®? The solid line shows the effective bimolecular
rate constant with the values (b) for k, and k., while the
dashed line represents the results of a recent evaluation
of data, (c).’® The evaluation gives effective bimolecular
rate constants which average about 40% higher than those
determined in this work, although these results are within
the range of uncertainties claimed in the evaluation.’® The
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Figure 2. Plot of the altitude dependence of the effective bimolecular
rate constant for reaction 1 in N,. The solid line was calculated from
eq 3 by using ko, = 2.3 X 107%(7/298)2® cm® ™" and k. = 1.2 X
1071'(7/298)'¢ cm® 5" derived in this work, while the dashed fine used
ko = 2.6 X 10°%(7/300)2° cm® 57" and k. = 2.4 X 107'(7/300)"°
cm® s~' from the recent evaluation.'®

altitude dependence calculated by using k. from Anastasi
and Smith,? (a), was within about 10% of the solid line
shown in Figure 2. Zellner?' has also evaluated the rate
of this reaction and has assumed a temperature inde-
pendent value for k.. Those results®! average about 20%
higher than the results of this work.
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Tables I-VI containing kinetic data for the OH + NO, +
M — HNO; + M reaction, where M is He or N,, and over
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Ordering information is given on any current masthead

page.
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