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THE RATE OF REACTION BETWEEN HO, RADICALS AT LOW PRESSURES 

B A. THRUSH and G.S. TYNDALL 

The me corifiswtr of the bmlolcculx drrproportlonltron oi HO? rz~d~cals has bren mrxurcd a: ~OICII pressures be- 
IUCCII 7 end Xl Torr wng ikA photolgsis and turublc dlodc lxr spectroscopy The nre cocfriocnt IS found IO be (I 6 

I 0.1) X IO-” cm3 s-‘at 198 K and can bu c\prcsrcd 3s 2.1 X IO-l3 c\p(560/7) cm3 s-r bcwccn 298 .md 358 K 

1. Intioduction 

The reaction between HO, radrcals 1s an important 

armospherlc suk ior odd-hydrogen radicals: 

HO1 + HO, -t H>O_, +% . _- - (1) 

It is the dominant source m the stratosphere of H202, 
a specres wluch has been sought unsuccessfully by 

mfrared spectroscopy. Several groups hale reported 

a pressure-dependent rate coeftic~ent for reacilon (1) 
but the exact iom of this dependence, and the over- 
all reaction mechamsm, are not yet clear [l-3]. 

We have measured the rate coefficrent of reactlon 
(1) at room temperature over 4% pressure range 
7 -20 TOIT [4], and t-ound no dependence on total 

pressure in ULIS range, although the rate coefficients 
are almost a factor of two lower tlnn those measured 
at atmospheric pressure. This is in overall agreement 
with the results of Sander et al. [3] who found a pres- 
sure dependence for a number of carriers over the 
range 100-700 Torr, and extrapohted theu data to 
an mtercept of ~1.6 X 10-t” cm3 s- I at zero pressure. 

The observed rate coefficient therefore consists of 
two components - a pressure-independent bimolecular 
process, and a termolecuhr step dependent on the na- 
ture of the carrier gas 

At atmosphenc pressure, rhe overall reaction shows 
a negative temperature ccefficient wfuch IS character- 
Istic of most thrrd-order combination processes. We 
have measured the temperature coefticien? of reaction 
(1) at low pressures, where the bimolecular process IS 

dominant, to determine whether this is a drrect hy- 
drogen abstraction reaction (which would be expected 
to have n small activation energy) or proceeds via an 
H,O, complex which would give a negative temper- 
ature coefficrent. In these esperlments, which were 
made at total pressures correspondmg to those in the 
rmddle stratosphere, we have combmed the techniques 
of flash photolysis and tunable diode laser spectroscopy. 

2. Experimental and results 

The apparatus and experimental technique have 
been described [a]. HO2 was produced by the flash 
phorolrsls of Cl?-CHJOH-O2 mixures and detected 

by using a diode laser to scan put of the v3 band at 
1117.54 cm-1 with Doppler-hmrted resolution. The 
reaction vessel, 50 cm long and 2.5 cm in diameter, 
could be heated to 100°C by electrical heating of the 
reflective housing. The only modltication to the sys- 
rem IS the use of a transient recorder to store the de- 
tector output digitally. This has led to an improved 
signal-to-noise ratio, which also allows the decay to 

be followed for longer times. 
Previously we reported that the rate coefficient for 

reactlon (1) IS independent of pressure between 7 and 
20 Torr at 298 K. Further measurements given in table 
1 have confirmed thrs lack of pressure dependence and 
yield a rate coefficient of kt = (1.6 i 0.1) X 10-t? cm3 
s-l, the uncertainty being one standard deviation of the 
experimental measurements. 
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Table 1 
hlcasurcments of rxc coclliclrnt for HO2 + HO2 

Temp. 
(W 

298 

Pressure 
(Ton) 

63 

9.3 

9.6 
10 

12 

10-14[HOz lo No. oi lO”R1 

(molcculcs EnI -5 dcrcrmmstmns (cn? mokculc-~ r-1) 

98 2 1.6 

10 6 17 

13- 7 IS 

8.3 I 2 I6 

104 3 1 55 

man 1.6 f 0.1 

323 6 9.4 3 1.2 
85 58 5 I 35 

13 11 1 12 
mc3n 1 28? 0.15 

333 10.5 73 8 135zO2 

359 115 83 3 12 

II 5 68 2 1.1 

muan 115~02 

The experiments at 5O’C reported rn table 1 gave 
k, = (1 78 + 0 15) X IO-t2 cm3 s-l, also indepen- ._ . 
dent of pressure. 

Finally, the reaction rate was measured between 
25 and 85°C at 10 Torr total pressure. Although it 
was not possible to momtor the fractional dissocia- 
tion of Cl, at all temperatures, a relative sensitivity 
for HO, could be calculated at various temperatures 
from the known variation of the parameters control- 
ling the line mtensities. The calculated yields were 
within 10% of those based on the dissociatron as mea- 
sured at room temperature. 

The value obtained at 85°C was (1 .I5 _+ 0.2) 
X IO-12 cm3 s-1. Taken together, these results cor- 
respond to a negatrve temperature dependence which 
can be represented by 

k = 2.4 X IO-l3 exp[(560 + 200)/T] cm3 s-t . 

3. Discussion 

Our measurements at 7-20 Torr total pressure, 
taken with the measurements of Sander et. al. [3], 
cc&ii that the rate coefficient of the bimolecular 
reaction between HO2 radicals extrapolates to a lim- 
iting value of (1.6 i 0.2) X lo-” cm3 s-t at zero 
pressure and 298 K. This rate coefficient increases ap- 

proxnnately lmearly wrth total pressure and for AI 
= Nz or SF,, it can be represented by 

X-t ~(1.6 X lo-12 +6 X 10B3’ [Afl)crnx s-t 

at 7-98 K , 

where [M] IS in units of molecules cm-3. As Sander 
et al. [3] point out, the pressuredependent term has 
a magmtude commonly found for three-body combi- 
nation reactions. Such a process would normally be 
interpreted in terms of the formation and redissoch- 

tion of an Hz03 species which can be collsionally 
stabilised. The products observed require that the 

stabdised HlOd decomposes rapidly, predominantly 
to H,02 t 02_ 

The negative temperature coefficient which we 
fmd for the bimolecular process is also consrstent 
with a reaction which proceeds via an H,O, complex, 
but mvolves direct drcompostion to yield H,O, + 0,. 
Thus both terms in k, can be rationalised by a single 
reaction mechanism: 

HO, + HO, g H,O; L H70, t 0, 
b - _ 

d dt 
I 

H,O, + H,O, +02 . 

Neglecting any complications which might arise 
from the energy dependence of some of the rate pro- 
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cess mvolved, a steady-state analysis yields 

1 d[H,OJ k,(k, +& [dlf]) 
k,=--= 

[HOI]) dr k, t kc t kd [IIf] ’ 

which has the required form providing kb S-k,. The 
assumption that stabdissd H,O, decomposes predom- 
inantly into Hz02 + 02 and not HO-, + HO? 1s justifi- 
able because the former is exothrrmic and the latter 
endothermic. 

The negative temperature coefficients observed at 
atmospheric pressure are about twice the low-pressure 
value. eup[(l’_50 + 100)/T] [I] and exp[(lOSO 
f 45)/T] [5]. 17usr.s clearly du2 to process (c) becom- 
mg more important relative to (d) as the temperature 
and the energy of HzO; are Increased. If we assume 
tht N, and SF, have a collislonal efficiency of 4.5 
for stabdutlon, rhen k, = 1O-‘o cm3 s-l,g~ving k, 
= 3 X 109 s-l at ambient temperatures. 

Th2 rates of processes (a) and (b) are somewhat 
harder fo estimate. Data on the hmiting second-order 
rat2 coefficients for assocation of small molecules 
suggest a value of k3 = 10-l’ cm3 s- 1 wkch with 
the ralues of k, and kd adopted here gives kb = 1.5 

X 1010 s-1, satisfying the condition that k, 3 k,. 
However it is not immediately obvious why channel 
@) should be favoured oker the much mor2 exo- 
thermic channel (c). If H204 were a chemically 
bound speciss, 2 g. HO,H, it would have a singlet 
ground state, and a low transmission coefficient could 
be associated with intersystem crossmg to triplet po- 
tentlal surfaces arlsmg from the ground-state products 
Hz02 t 0,. This argument would not hold for our 
pref2rred mecharusm in which H,O, 1s a hydrogen- 
bonded HO, dimer, either cyclic or open cham, 
where the u>plet and singlet states would be very 

close m energy. Here the small value of k, relative to 
kb un be attributed to the difficulty of coupling v1- 
brationsl energy from the low-frequency modes as- 
sociated with the O...H hydrogen bond to the high- 
frequency H-O stretching vibration which is essential 
for reaction (c) to occur. 

The theoret& calcuhtrons of Ewing [6] and of 
Beswick and Jortner [7] on the closely related prob- 
lem of vibrational predissociation in hydrogen-bonded 
dimers show this energy exchange to be a very ineffi- 
cient process. However, experimental observations on 
vibrational spectra of these species can be interpreted 
in terms of rapid predissociation [7] and it is tbere- 

fore unprofitable to estimate k, for either a cyclic or 
an open-chain hydrogen-bonded HO2 dimer. 

In this connection, it should be noted that Lorenz 
and ZeUner [8] and Margitan and Watson [9] have re- 
csntly confirmed earlier suspicions that the rate co- 
efficient of the hydrogen transfer reaction [lo] 

HO t HNO, = H,O + NO, (3 

increases with total pressure, almost doubling be- 
tween zero pressure and one atmosphere at 198 K 
[8]. Reaction (2), bke (l), also has a negative temper- 
ature cosfficlent and it IS plausible that it also pro- 
ceeds by a mechanism mvolving a hydrogen-bonded 
complex. 

Tb2 accelsration by water vapour (and by am- 
monia) of the reaction between two HO1 radical has 
been attnbuted to the formation of a strongly hy 
drogen-bonded H,O...HO, species whch reacts more 
rapidly with HO?. This would be implausible if th2 
HO, t HO, reaction were a simple atom-transfer pro- 
cess. However, the energised species formed by asso- 
ciation between H?O... HO? would have a much longer 
l&time for redksociation (1 /kb) than one formed 

from HO-, + HO?. Thus the ratio k3/kb would be 
much greater for the hydrogen-bonded species. This IS 
consistent with the observation by Sander et al. [3] 
that added water vapour appears to give similar pro- 

portionate accelerations in the bimolecular and ter- 
molecular terms in the HO, t HO, reaction. In other 
words H,O iS not simply acting as an efficient third 
body. Ttk interpretation of the effect of water 
vapour favours an open-chain hydrogen-bonded struc- 
ture for HzO, unless it is assumed that H20...H0, 
and HO, combine to form a cyclic trimer. 

The DO, t DO? reaction is 3.3 timzs slower at a 
number of total pressures than the HO2 t HO, reac- 
tion 131. This suggests that the isotope effect is pri- 

marily on the ratio kJkb although it is not obvious 
why the ratio k, to k, [ni] does not also exhiiit an 
isotope effect. 

Since the initial observation a f2w ysars ago of a 
pressure-dependent rate coefficient for the reaction 

HO+CO=HtCO, 

the needs of atmospheric modelling have grsatly in- 
creased the measurement accuracy for many transfer 
reactIons. The interpretation Dven here suggests that 
a number of hydrogen atom transfer reactions involv- 
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ing HO, HO, and other highly polar species could ex- 
hiiit pressure-dependent rate coeflkients over the 
range important to atmospheric chemarry. 
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