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Rate constants for the radical—radical reactions N + OH — NO + H (1), and O + OH — O, + H (2) have been measured
for the first ttme by a direct method. In each experiment, a known concentration of N or O atoms 1s estabhshed n a dis-
charge-flow sy stern OH radicals are then created by flash photolysis of H,O present in the flowing gas, and the disappear-
ance of OH 1s monitered by time-resolved observations of its resonance fluorescence The experiments yield &, =
(50=12)%x10"1"" cm? molecule™ s™! and k2 = (3 8 = 09) X 107! cm? molecule™ s™!, for the rate constants of these

reactions at 298 = S K

1. Introduction

The deployment of techniques which can monitor
extremely small concentrations of atomic and small
molecular free radicals has dramatically improved the
quality of the kinetic data whuch are available for
many elementary reactions Detection by resonance
fluorescence has been employed widely, both in stea-
dy-state flow experiments and in time-resoived mea-
surements following the creation of radicals by pulsed
photolysis. The chief advantage of high detection
sensitvity is that side and secondary reactions can be
safely ignored [1] Consequently, the concentration
of the radical decays exponentially, and the second-
order rate constant for the primary reaction is found
by observing how the first-order decay constant
varies with the concentration of the second reagent In
the case of a reaction between a radical and a ““stable™
molecule. the concentration of the molecule can usual-
iy be determined without difficulty. and the measure-
ment of rate constants for such reactions, at least for
some radicals such as OH [2], has become almost
routine However, the same measurement for reactions
between two different radicals presents a more for-
midable challenge, since the first-order disappearance
of onc radical must be observed in the presence of an
excess of the second radical, whose concentration
must be known absolutely.
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The experiments which are described n this paper
combine discharge-flow and flash photolysts tech-
muques. The discharge creates a relatively large steady-
state concentration of one free radical, whilst photo-
lysis produces a much smaller concentration of a
second radical, whose rate of removal is then observed.
This general method has been employed previously by
Wolfrum and co-wotrkers [3,4] to study the reaction
between O atoms and CN. They used kinetic absorp-
tion spectroscopy to follow the disappearance of CN
[31, or cw laser absorption or gain to observe the
formation of CO [4]. In the present experiments, time-
resolved resonance fluorescence is used to monitor
the removal of OH radicals. As well as being very
sensitive, thus technique can be applied to a rather
large number of radical—radical reactions. Here, we re-
port rate constants for the reactions

N+OH-»NO+H (¢))
and
O+O0OH~—~> 0, +H. 2)

Previously, 1t has only been possible to infer the rates
of these reactions from indirect measurements [5—9],
most of which yielded ratios of rate constants: for
example, k5/k3 [6,7], where k3 1s the rate constant
for
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OH + OH -~ H20 + 0, 3)

ork,fk, [9].

2. Experimental

A full-length paper will report measurements of
k, and K, at temperatures other than room tempera-
ture and it will also describe the experimental method
and procedures in detail. Here, we give a short ac-
count of the main features of our experiments.

A schematic diagram of the central part of the ap-
paratus is shown in fig 1. The Pyrex reaction vessel
forms part of a flow system through which gases can
be pumped at =4 ¢ s~1 The total pressure can be mea-
sured at point P and was 3.75 Torr in all the experi-
ments described 1n this paper. The measurements
were performed at room temperature, 298 + 5 K.

The main stream of gas, consisting of a dilute mux-
ture of N, (1.2—0.05%) in Ar, passed through a micro-
wave discharge cavity (MC), operated at 50—70 W.
The N, was partially dissociated (2—8%) and the
flow-rate of N atoms, and hence their steady-state
concentration, was determined by titration with NO
[10]. using the photomultiplier tube PM2 (EMI,
9781B) and a suitable filter, to observe the N,, the
NO, or the NO, afterglow emission. As indicated in
fig. 1, the NO could be added at either of two points
so that the extent to which N atoms were removed by
recombination on the uncoated Pyrex wall of the
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Fig 1 Schematic diagram of the apparatus. Symbols are iden-
tified 1n the text.
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main reaction vessel could be determined. This loss
was certainly <3% and was therefore ignored.

For experiments on reacticn (2), O atoms were
generated in a known steady-state concentration by
adding NO to just beyond the end-point of the

N+NO->N, +0 (4

titration reaction. To assess the loss of O atoms by
surface-catalysed recombination, a slight excess of
NO was added at the two titration points and the in-_
tensities of the NO, afterglows compared. These
measurements indicated that 5% of the O atoms were
lost between the first titration point and the centre of
the reaction vessel and this loss was allowed for in
calculating values of k,.

Once the steady-state concentration of atoms for
a particular experiment had been established, 40—90
mTorr of H,O was added via an injector 20 cm down-
stream of the discharge. The H,O was partially photo-
lysed by radiation from a small flash lamp (FL) which
was fired at 100—170 J once every 2 or 5 s. The light
from this lamp was collimated with a CaF, lzns,
passed through a stainless-steel filter cell (F), and
entered the reaction vessel through a CaF, window.
N, was flowed through the flash lamp at atmospheric
pressure. Despite this precaution, this part of the
apparatus has to be dismantled fairly frequently so
that the CaF, lens could be cleaned. The filter celf
was filled with 400 Torr of Cl, to absorb light from
the flash lamp at =308 nm [11], the wavelength of
the OH resonance fluorescence.

The OH radicals produced in the H,O photolysis
were excited using a resonance lamp (RL) powered
by a microwave discharge through He containing ~1%
H,O [11]. This lamp was positioned at the other end
of the reactor from the flash lamp. Radiation from it
entered the reaction vessel along an aluminised tube
terminating in a quartz window. The OH fluorescence
was observed, through a quartz window and a narrow
band interference filter (IF) with peak transmission at
308.3 nm and a bandwidth at half maximum of 3.2 nm,
using the gated photomultiplier tube PM1 (RCA, 1P28).

Output from PM1 was passad, via a current-to-
voltage converter, to a transient recorder (Data Labora-
tories, DL 905), and the digitised signals were ac-
cumulated in a signal averager (Data Laboratories, sys-
tem DL 4000). We recorded the resonance fluorescence
signais from 128 experiments and subtracted the same
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number of signals from PM1 with the resonance lamp
switched off, but everything else the same. The results
were then transferred to paper tape for subsequent
computer analysis. Usually, messurements on reactions
(1) and (2) were performed in pairs. First, an experr-
ment was carried out on reaction (1), ample time
having been allowed for the microwave discharge pro-
ducing N atoms to stabilise. Next. the N atom flow-
rate was determined by titration with NO Fally,

an expermment was performed on reaction (2). the

NO flow having been left on just beyond the titration
end-point. The intensity of the N, afterglow at PM2
was observed at intervals throughout this procedurs,
to guard against changes n the efficiency of atom
production in the discharge

3. Results

Before attempting kinetic measurements, two
series of preluminary experuments were performed
to determune the sensitivity of our system for detect-
mg OH. in the first, the reaction vessel was converted
mto a conventional flow-tube, by replacing the flash
lamp and filter cell with an assembly incorporating a
movable injector This enabled us to observe the re-
sonance fluorescence signals from known steady-
state concentrations of OH, which were generated by
utrating H atoms with NO, [10]. Allowance for re-
moval of OH could be made by observing the mtensi-
ty of resonance fluorescence as the injector was with-
drawn different distances upstream of the observation
zone.

The results from the flow-tube expenments were
checked by observing the mntensity of NO 8 band
emussion, following flash photolysis of H,O mn an ex-
cess of N atoms. Because reaction (1) was followed
by reaction (4). OH radicals were converted quantita-
tively to O atoms. The reaction products were swept
past PM2 and the mrtegrated intensity of the NO after-
glow provided a measure of the concentration of O
atoms — and hence of OH radicals produced in the
photolysis of H,0.

Although the second method was less accurate than
the first, it gave a sumlar value for the detection sensi-
tivity Together, these experunents showed that the
mitial concentration of OH 1n our rate measurements

on reactions (1) and (2) was approximately 1012 ¢m—3
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Fiz 2 Fust-order rate constants for removal of OH in the
presence of N or O atoms

correspondmg usually to <5% and never >8%Z of the
concentration of N or O atoms. In the absence of
radical atoms. the decay of the OH resonance fluores-
cence was very slow, and was probably determmed
simply by convective and diffusive removal of OH
from the observation zone Consequently, in the
presence of N or O atoms. the concentration of OH
decayed according to the equations

—d In[OH] /dt = k|,

Fig. 2 shows plots of &k, agamst [N] and agamnst
[O] Values of &y and k, were obtamned by taking
the mean values of (k 1st/ [N]) and (%,4/[0]), yrelding

=(50212)X10~ ! ¢m3 molecule—! s~!
and

ky=(38+09)%x 10~ cm? -1

molecule—! s—1.

The errors quoted correspond to a single standard
deviation plus a 5%z allowance for possible systematic
error 1 the titration.

4 Discussion

Reaction (1) has only been studied previously n a
discharge-flow expenment [9]. By observing the rela-
tive ntensities of the N, and NO emussions when H,
was added to a flow of active nitrogen which had been
partially titrated with NO, Campbell and Thrush
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deduced that k;/k, = 1.4 = 0.1 at 320 K. This solitary
experument has been the basis of subsequent evalua-
tions [12,13] The ratio of our directly determined
values of k| and k5 is in excellent agreement with
Campbell and Thrush confirming their analysis and
decreasing the uncertainty 1n the absolute value of k.

There have been several previous determinations
[5—8]} of k,, all of them in flow-tube experiments,
none of them direct, but all yielding similar values
of k5. The most recent evaluations suggest. k5 =
42X 10711 ¢m3 —nolecule—l -1 [13] and ko =
4.0 X 10711 ¢m3 molecule™ 1 [14] Our work
should improve the “rehablhty” or ‘“‘uncertainty” m
these evaluations, given as a factor of two [13] and
a factor of four [14].

The rate constants which we find for reactions (1)
and (2) correspond to reaction about once m every
five gas kinetic collisions. Superficially. such large
rate constants occasion no surprise, since a radical—
radical reaction can usually proceed via a collision
complex whose formation is not impeded by the exis-
tence of a barrier on the potential surface. Thus, reac-
tion (2) can occur via the X2A" ground electronic state
of the HO, radical. However, it should be remembered
that the interactuon of O(3 P) with OH(ZH) gives rise
to no fewer than six quartet and six doublet states
of these only one ZA" and one A" also correlate
with H( $H+0 (3 = - ) Reaction to give electronically
excited O, 1s too endothermic to make any appreciable
contribution to the overall reaction rate at room tem-
perature.

The doublet electronic states of HO, have been the
subject of several theoretical studies [15]. In simple
terms, the lowest four of these states arise from dif-
ferent distributions of 7 electrons among the 4 orbitals
which, mn the linear conformation, are 7 and n* or-
bitals on the O, moiety It appears that the lowest
quartet state must Lie consnderably above the energy
of separated O( P) + OH(?1), so that reaction across
thus surface 1s very unlikely to be important. If this
is 5o, the rate constant for adiabatic reaction across the
HO, (X"A") ground-state surface can be estimated by
multiplymng k, by a ratio of electronic partition func-
tions. fq Oslfel olfe HO,(X) Thus yields a value of
4.0 X 10~10 ¢cm3 molecule—1 s—1 , Or, on a simple
collision theory basis, a reaction cross section of about
45 Az, indicating the absence of any steric hindrance
to reaction on this surface.
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An alternative estimate of & can be made using a
method devised by Quack and Troe [16] for calculat-
ing the rate constants of radical—radical association
reactions in the limit of high pressure. Their proce-
dure requires that one finds the point along the reac-
tion path at which the system acquires maximum free
energy. The partition function of the reacting system
and the potenual 1s assumed to change continuously
along the reaction coordinate and these changes are
described i terms of a single, universal, length param-
eter, Assuming that reaction (2) proceeds only across
the X 2A" surface of HO,, appllcatlon of this methou
mves avalue of k5 = 3.1 X 10~ ! ¢m3 molecule™

1 at 298 K, with the two O atoms being separated by
3.8 A L1 the transition state.

Reaction (1) 1s less amenable to the treatment just
described. Again the adiabatic correlations should be
considered. The reagents interact to give four surfaces,
3%, 3A",5A", 5A"; the products yields, LA". LA",

37’ 3A" The only spectroscopic information avarl-
able for the HNO radical relates to the A 1A"—X 'A"
transition [17]. In any case, the impcrtant regions of
the triplet potential surface (or surfaces) across which
reaction (1) can occur are presumably those with tle
H atom close to O rather than to N. Ab inttio ca‘cula-
tions have been carried out on the lowest singlet and
triplet states of NOH, as well as for HNO [18,19]. They
indicate that for the NOH conformation the 3A" state
lies lower than the A’ state and that there is appre-
able binding energy relative to N + OH and H + NO.

If one assumes that reaction (1) proceads only across
the 3A” surface and allows for the electronic degenera-
cy of the reagents, one obtains a cross section of 23
A? for reaction on this surface only.
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