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Rate constants for the radtul-radical reacttons N + OH - NO + H (l), and 0 + OH - 02 + H (2) have been measured 
ior the fist tune by a dlrecr method. In each experiment, a known amcentratlon of N or 0 atoms IS estabbshed m a dls- 
chars+flow s> stem OH rad!caIs are then created b> flash photolysls of Hz0 present III the flowing gas. and the dlsappear- 
ante of OH E momtcred by time-resoled obsrrvatlons of Its resonance fluorescence The experiments yield kt = 
(5 0 = 1 7) X IO-” cm3 molecule-’ s-’ and kz = (3 8 = 0 9) X lo-” cm3 molecule-’ s -t , for the rate constants of these 
rcnctlons at 298 z S K 

1. Introduction 

The deployment of techmques wluch can morutor 
extremel> small concentrations of atomic and small 
molecular free radicals has dramatIcally improved the 
quahtl of the kmettc data whch are available for 
many elementary reactlons Detection by resonance 
fluorescence has been employed widely, both in stea- 
dy-state flow experiments and in tune-resoived mea- 
surements followmg the creation of radicals by pulsed 
photolysls. The chef adrantage of lugh detection 
sensulvlty IS that side and secondary reactIons can be 
safely lgncred [I] Consequently, the concentration 
of the radical decays ekponentlally, and the second- 
order rate constant for the primary reactlon IS found 
by observmg how the first-order decay constant 
varies with the concentration of the second reagent In 
the case of a reactlon between a radical and a “stable” 
molecule. the concentratton of the molecule CIII usual- 
iy be determined without difficulty. and the measure- 
ment of rate constants for such reactlons, 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- 
mldable challenge, smce the first-order disappearance 
of one radical must be observed in the presence of an 
excess of the second radical, whose concentration 
must be known absoiufely. 
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The experunents which are described III tlus paper 
combine discharge-flow and flash photolysls tech- 
mques. The discharge creates a relatively large steady- 
state concentration of one free radical, wlulst photo- 
lyss 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-workers [3,4] to study the reaction 
between 0 atoms and CN. They used kmetic absorp- 
tion spectroscopy to follow the disappearance of CN 
[3], or cw laser absorption or gam to observe the 
formation of CO [4] _ In the present experiments, tune- 
resolved resonance fluorescence is used to monitor 
the removal of OH radicals. As well as berg very 
sensltlve, thus techmque can be apphed to a rather 
large number of radical-radical reactlons. Here, we re- 
port rate constants for the reactions 

N+OH+NO+H 

and 

(1) 

O+OH-+02+H. 0) 

Prevtously, it has only been possible to infer the rates 
of these reactions from mduect measurements [S-9], 
most of which yielded ratios of rate constants: for 
example, k-,/k3 [6,7], where k3 1s the rate constant 
for - 



Volume 69, number 1 CHEMICAL PHYSICS Ll3-l-ERS 1 January 1980 

OH+OH+H,O+O, (3) 

or k,/k, [9] _ 

2. Experimental 

A full-length paper urlll report measurements of 
k, and k, at temperatures other than room tempera- 
ture and it wti also descnbe the experunental method 
and procedures in dekul. Here, we give a short ac- 
count of the main features of our experunents. 

A schematlc diagram of the central part of the ap- 
paratus is shown m fig l_ The Pyrex reactlon vessel 
forms part of a flow system through which gases can 
be pumped at ~4 Q s-l The total pressure can be mea- 
sured at point P and was 3.75 Torr in all the euperl- 
ments described m this paper. The measurements 
were performed at room temperature, 298 i 5 K. 

The mam stream of gas, conslstig of a ddute rrux- 
ture of N2 (l-2-0.05%) in Ar, passed through a micro- 
wave discharge cavity (MC), operated at SO-70 W. 
The N2 was partially dlssoclated (2-8s) and the 
flow-rate of N atoms, and hence their steady-state 
concentration, was determined by titration with NO 
[IO]. using the photomultipher tube PM2 (EMI, 
978 1 B) and a suitable filter, to observe the N,, the 
NO, or the NO, afterglow emisnon. As indicated in 
fig. 1, the NO could be added at either of two pomts 
so that the extent to whch N atoms were removed by 
recombination on the uncoated Pyrex wall of the 

Fg 1 Schematic dmgram of the apparatus. Symbols are Iden- 
tied m the text. 

rnam reaction vessel could be determined. This loss 
was certainly <3% and was therefore ignored. 

For experiments on reaction (2), 0 atoms were 
generated in a known steady-state concentration by 
adding NO to just beyond the end-point of the 

N+NO+N2+0 (S) 

titration reaction_ To assess the loss of 0 atoms by 
surface-catalysed recombination, a slight excess of 
NO was added at the two titration points and the in-_ 
tensltles of th2 NO, afterglows compared_ These 
measurements indicated that 5% of the 0 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 k2_ 

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 Hz0 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 thus lamp was collimated with a CaF, kns, 
passed through a stainless-steel falter cell (F), and 
entered the reaction vessel through a CaF2 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 falter c2U 

was ftied with 400 Torr of Cl2 to absorb light from 
the flash lamp at ~308 MI [ 1 1] , the wavelength of 
the OH resonance fluorescence. 

The OH radicals produced in the Hz0 photolysis 
were excited usmg a resonance lamp (RL) powered 
by a nucrowave discharge through He containing ~15% 
Hz0 [ 111. This lamp was positioned at the other end 
of the reactor from the flash lamp. Radiation from it 
entered the reactlon vessel along an aluminised tube 
terminating in a quartz window. The OH fluorescence 
was observed, through a quartz window and a narrow 
band mterference falter (IF) with peak transmission at 
308.3 nm and a bandwidth at half maximum of 3.2 run, 
using the gated photomultiplier tube PM 1 (RCA, IP28). 

Output from PM1 was passed, 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 
signah from 128 experiments and subtracted the same 
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number of srgnals from PM 1 w~tb the resonance lamp 
switched off, but everything else the same. The results 
were then transferred to paper tape for subsequent 
computer analysis. Usually, measurements on reactlons 
(I) and (2) were performed in pairs. Fust. an expen- 
ment was carried out on reaction (i), ample time 
having been allowed for the microwave lscharge pro- 
ducmg N atoms to stnbdrse. Nekt. the N atom flow- 
rate was determmed by tltratxon with NO Fmally, 
an expernnent was performed on reactron (2). the 
NO flow having been left on Just beyond the titration 
end-point. The intensity of the Nz afterglow at PM2 
was observed at mtervals throughout tius procedure, 
to guard agamst cfranges III tfre efficiency of atom 
production in the drscharge 

3. Results 

Before attemptmg kmetrc measurements, two 
series of prehmmary experunents were performed 
to determme the sensmvrty of our system for detect- 
rng OH. in the first. the reaction vessel was converted 
mto a conventional flow-tube, by replacmg the flash 
lamp and filter cell with an assembly mcorporatmg a 
movable mJector Thus enabled us to observe the re- 
sonance fluorescence signals from known steady- 
state concentratrons of OH, wh.rcfr were generated by 
titrating H atoms with NO, [IO] _ Allowance for re- 
moval of OH could be made by observmg the mtensr- 
ty of resonance fluorescence as the mJecror was wrth- 
drawn different drstances upstream of the observation 
zone. 

The results from the flow-tube experiments were 
checked by observmg the mtensrty of NO fi band 
emission, foUowmg fL& photolysrs of H,O m an ex- 
cess of N atoms. Because reactron (1) was followed 
by reaction (4). OH radicals were comerted quantlta- 
tlvely to 0 atoms. The reaction products were swept 
past Phi? and the mregrated tntensrt) of the NO after- 
glow provided a measure of the concentration of 0 
atoms - and hence of OH radicals produced m the 
photolysis of H,O. 

Although the second method was less accurate than 
the first, it gave a sun&r value for the detectron sensr- 
tlvrty Together. these experiments showed that the 
mrtral concentration of OH m our rate measurements 
on reactions (I) and (2) was approximately IO’” cmm3, 
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‘r 

Ftg 2 Fust-orcler rate constants for removal of OH tn the 
presence of N or 0 atoms 

correspondmg usually to <5A and never >85% of the 
concentration of N or 0 atoms. In the absence of 
radrcal atoms. the decay of the OH resonance fluores- 
cence was very slow, and was probably determmed 
sunply by convective and diffusive removal of OH 
from the observatron zone Consequently, m the 
presence of N or 0 atoms. the concentration of OH 
decayed according to the equatrons 

-d ln[OHJ/dr=k,,, 

=k, [N] orli#] 

Ftg. 2 shows plots of R,, agamst [N] and agamst 
[O] Values of kt and II-, were obtarned by takrng 
the mean values of (k ,..J [N] ) and (k tst/ [0] ), yrelding 

k, = (5 0 f 1 2) X lo-” cm3 molecule-’ s-t 

and 

il-, = (3 8 + 0.9) X 10-t’ cm3 molecule-’ s-t_ 

The errors quoted correspond to a single standard 
deviation plus a 5% allowance for possible systematic 
error m the trtratlon. 

4 Discussion 

Reactlon (1) has only been studred previously tn a 
discharge-flow expenment 191. By observmg the rela- 
hve mtensrties of the N-, and NO emrssrons when HZ 
was added to a flow of &bve mtrogen which had been 
part&y titrated wrth NO, Campbell and Thrush 
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deduced that k,/k, = 1.4 + 0.1 at 320 K. This solitary 
experunent has been the basis of subsequent evalua- 
trons [ 12,131 The ratro of our directly d2termmed 
values of k, and k, is III excellent agreement with 
Campbell and Th&h, confirrmng their analysis and 
decreasing the uncerramty m the absolute value of kl _ 

There have been several previous detzrmmatrons 
[5-8] of k,, all of them in tlow-tube experiments, 
non2 of them direct, but all yreldmg similar values 
of k2. The most recent evaluations sugg2st. k, = 
4 3 X 10-l’ cm3 mol2cule-1 s-l 
4.0 X IO-” cm3 molecule-1 s-r 

[13] and k, = 
[ 141 Our work 

should unprove the “rehabrlrty” or “uncertamty” m 
these evaluations, given as a factor of two [ 131 and 
a factor of four [ 141. 

The rat2 constants which we fmd for reactions (1) 
and (2) correspond to reaction about once m every 
five gas klnetrc colhsrons. Superficially. such larg2 

rat2 constants occasron no surprrse, sincz a radical- 
radical reaction can usually proceed via a collisron 
complex whose formation is not unpeded by the exti- 
tence of a barrier on the potential surface. Thus, reac- 
non (2) can occur via the X’A” ground electromc state 
of the HO, radical. However, It should be rememberzd 
that the mieractron of 0(3P) with OH(ZJl) gives nse 
to no f2wer than SL\ quartet and WC doublet states 
Of these, only on2 ‘A” and on2 ‘A” also correlate 
wrth H(‘S) + 0,(3Z; ) Reactron to give 2lectromcaJly 
ckcrted 0, IS too endothermrc to make any apprecrable 
contrrbutron to the overall reaction rate at room tem- 
p2rature. 

The doublet electromc states of HO, hav2 been the 
subject of several theoretical studres [ 151. In simple 
terms, the lowest four of these states arise from drf- 
f2rent drstrrbutrons of 7 electrons among the 4 orbrtals 
whrch, III the lmear conformahon, are R and rr* or- 
brtals on the O2 moiety It appears that the lowest 
quartet state must he considerably above the energy 
of separated 0(3P) + OH(‘ll), so that reaction across 
tlus surface 1s very unlikely to be unportant. If this 
is so, the rate constant for adiabatic rzactron across the 
HO, (%‘A”) ground-state surface can be estrmated by 
multiplymg k, by a ratio of electronic partrtron func- 
tions. fe, 0 f , O/fe,,H&&,. -Itus yields a value of 
4.0 x 10:’ 8; cm3 molecule-1 s-t, or, on a sunple 
collision theory basis, a reaction cross section of about 
45 a’, inlcatmg the absence of any steric hindrance 
to reaction on this surface. 

An alternative estimate ofkZ can be made using a 
method deviser’ by Quack and Troe 1161 for caIcuIat- 
ing the rate constants of radical-radical association 
reactrons in the limit of high pressure. Their proce- 
dure requrres that one fmds thz point along the reac- 
tron path at which the system acquires maximum free 
energy. The partition function of the reacting bystem 
and the potential IS assumed to change continuously 
along the reaction coordinate and these changes a12 
described m terms of a single, univ2rsaJ, length param- 
eter. Assuming that reaction (2) proczeds on$ across 
the %‘A” surface of HOz, application of this method 
gives a value of k2 = 3.1 X 10-t’ cm3 molecuIe_t 
s-’ at 298 K, with the two 0 atoms bzing separated by 
3.8 A 1.1 the transition state. 

Reaction (1) IS less am+nable to the treatment Jus: 
described. Agam the adiabatic correlations shoutd be 
considered. The reag2nts interact to give four surfaces, 
3A’, 3A”, ‘A’, ‘A”; the products yields, ‘A’. ‘A’“, 
3A’, 3A” The only spectroscopic information ava& 
able for the HNO radrcal relates to the x ‘A”--% LA’ 
transition [ 171. In any case, the unportant regrons of 
the triplzt potzntral surface (or surfaces) 3cross which 
rzaction (1) can occur ar2 presumably those with the 
H atom close to 0 rather than to N. Ab imtio calcula- 
trons havz bezn carried out on the lowest sir&et and 
triplet states of NOH, as well as for HNO [18,L9]_ They 
indrcate that for the NOH conformation the 3A” state 
ties lower than the ‘A’ state and that there is appre- 
able bmdmg energy relative to N f OH and H f NO. 
If one assumes that reaction (I) proceeds onIy across 
the 3A” surface and allows for the electronic degenera- 
cy of the reagents, one obtains a cross section of 23 
A’ for reactton on this surface only. 
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