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THE TEMPERATURE DEPENDENCE OF THE HO, + HO, REACTION 
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The tcmpcraturc dcpcndcncc of the rate constant for the rcactron HO? + HO2 - HzOz + O2 (Zk I ) 1135 been dctcrmmcd 
usmg flash photolysls tcchniqucs. over 1hc rcmpcrarurc rsngc 298-51OK, III 3 mlrogcn dducnt at a IOLII prcs~rc of 700 

TOIL The overall second order state constant ~sg~ven by kl = (4.14 i 1.15) X 1r13 ctp[(630 5 115)/r] ,m3 molcculc-’ 5-l 

whcrc the quoted errors rcfcr fo one standard dcvlailon This result ~scomparcd \vl!h prcvlous fmdmgs and the ncgXlre x- 

tnuuon energy 1s shown to bc cons~stcn~ \rl~h the obscrvatmn that the ralc constant IF pressure dcpendcnt .II 700 Torr 

1. Inkoduction 

The importance of the hydroperoxy radical, HO?, 

m combustron and in atmospheric chemrstry IS wrdely 

recognized. Its low reactlvlty with many non-radical 

species lends particular Importance to the dispropor- 

tlonatlon reaction 

2kl 
2H02 - H,O, + 02, (I) 

and this has been the subject of numerous studies 
[l-9]. In addition many other rate constants have 
been determmed relative to k,, especially at higher 
temperatures [10,11]. 

A recent paper by Sander et al. [ 121 reported d 

room-temperature study of the pressure dependence 
of kl m a variety of chluent gases at pressures between 
100 and 700 Torr. The results show that the rate con- 

stant is bnearly dependent on pressure whist extrapola- 

tion to zero pressure Indicates a pressure independent 

contnbutlon, k,,,, to the total rate constant of (1 A 

f 0 3) X IO-t* cm3 molecule-’ s-l. .- 
The work presented in this paper IS intended to com- 

plement that ofSander et al. [12] by studying the tem- 
perature dependence of the overall rate constant at a 

futed total pressure of nitrogen dduent gas. 
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2. Experimental 

The apparatus IS described m more detail elscwhcrc 

[ I3 j _ Conventional flash photolysls techmqucs usmg 

Xe/Oz flashlamps WIUCII dehvered a flash energy of 

200 J per pulse were used to gcneratc HO2 from an 

anhydrous mixture of CHJOH, Cl, and 02. The follow 

mg sequence has been shown [ 121 to operate m such a 

chemical system. 

Cl, % 2c1, (2) 

Cl t CH30H + CH20H t HCI, (3) 

CH,OH + 0, + HO, + CH,O. (4 

The relevant rate conskmts, Ir’J and k,, arc 6 33 X 10-I 
cm3 molecule-r s-* and 2 X 10-rz cm3 molecule-’ 

s-I respectlvcly (14,lSJ 

Typical pressures of the reagents were CtI,OH * 

Cl:! Z= I .S Torr and 02 z 5 Torr. The total pressure was 

mamtaincd at 700 f IOTorr WII an excess of N, di- 

luent. The reactron mrxture flowed tbrougb J Pyrex 

cell, with spectrosd end-wmdows. wl~osc overall length 
was 17.3 cm. The cell was cncloscd m an elc’ctncally 
heated aluminum housmg and Its temperature was dc- 
termmcd, after equlhbratron, to 0.5 K w1t11 .I Hg/glass 
thermometer 

HO2 was detected by Its ultraviolet absorption at 
227.5 nm where Its cross section (base e) has been dc- 
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termincd to be (3 0 f 0.4) X IO-l8 cm2 molecule-t 

[I?-]. Absorption profiles were recorded as a function 

of tmie over a range of temperatures from 298 to 513 

K Imtlal absorbances vdricd from 4.0 X IO-3 to 1.2 

X IO-’ correspondmg to mitral HO, concentrations 
of 7.6 X lOI to 7 3 X 101” molecule cmm3. In order 

to achieve an acdeptable sIgnal-to-noise ratlo, signal 

averagmg of up to 756 shots was used. The data were 

rhgltlzed (Datalab DL920) and averaged (Datalab 
DWOOO) before analysis by an on-hne microcomputer 

(Research hfachmcs 3802) and storage on floppy disk. 

3. Results 

H,O, produced III reaction (I) has a slgmficant 
absorption cross sccllon af 227.5 nm (a = 2.14 X lO-‘g 

cm’ molecule-‘) [ 161 and so the expenmentnlly ob- 
served absorption profile consists of the sum of con- 
tnbutions from both HO2 and Hz02 Assunung sec- 

ond-order kinetics It can be shown that the time depen- 
dence of the total absorption is glvcn exactly by [ 131 

Af(f)/fO = I - {exp[(B-C)/(Ailr +I) + C]}-‘, (5) 

where lo is the incident light mtenslty, Al(r) is the 
change in transnutted Intensity nt time t,A =2klol, u 

IS the absorption cross sectlon of HO?, 1 IS the path 
length, B IS the mitral absorbance at I = 0 and C IS the 

final absorbance at I = m Smce the reactlon is second 

order in HO,, it was not practicable to obtain Cexper- 
imentnlly as this would have required followmg the ab- 
sorption to very long times Instead Cwas equated t3 
0.03538 on the basis of the known extmction coeffi- 

T W 10’2 /!I I 
(cm3 molccutc-’ s-‘) 

-. 

798 3.66 f 0 46 
317 3.18 2 0 23 
330 3.28 k 0 20 
345 2.40 f 0 06 
358 2.72?021 
380 1.90 f 0.18 
407 1.91 * 006 
4’5 1842043 
455 9-03*015 
510 1.08 + 0.16 
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FIE l.Tcmpcraturc depcndcncc ofkl. -.-.-data of Cox 
and Burrows [ 71, - - - data of LIP ct al [6 I 

clents for HO2 and HzOz and the known sto&iometry 

of the reaction [12,16]. The data were then fitted to 
eq. (5) using non-linear regression [13,17], withd and 

B as adjustable parameters. 
The results of this analysis are given rn table I, and 

plotted in Arrhemus form m fig. 1. Each rate determi- 

nation represents an average of6-IO experiments and 

the quoted errors are one standard deviation. The 
room temperature value is m reasonable agreement 

with the value of (2.97 5 0.45) X 10-Iz cm3 molecule-t 

s-t obtamed by Sander et al in 700 Torr N2_ The rate 

constant decreases with temperature and a weighted 
least-squares analysis of the Arrhemus plot gives 

k, =(4.14? 1.15)X lo-‘3 

X exp[(630? 115)/T] cm3 molecule-’ s-l 

correspondmg to an activation energy of -5 24 + 0.96 

kl mol-1. Expressing the rate constant in the form /cl 
=AT-fl Bvesn= 1.9+O.l. 

4. Discussion 

The temperature dependence of reaction (I) has 
been reported In two previous studies Cox and 

Burrows [7] generated HO2 using the modulated pho- 

tolysis of mLXtures of H,/O,/CI,, in a variety of di- 

luents, at a pressure of 760 Torr. They expressed kt as 
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k, =(3.8? 1.4)X IO-l4 
Table 2 

Molecular pxamctcrs for H20J and HO1 

X exp[( 1250 + 200)/T] cm3 molecule-t s-t. Vtbratlonal frcqucnclcs 

Lu et al. [6] used pulse radrolysts of Hz/O? mixtures 
at a total pressure of 2 atm and found 

k, =(I 14s:O.l6)X IO-l3 Hz04 

X exp[(1057 +45)/T] cm3 molecule-1 s-l. 

The best strught line fits to the data of Cox and 
Burrows and Lii et al. are mcluded m fig. 1. The broad 
agreement between the three sets of data is Important, 
particularly because of the difficulty of generatmg HO, 
drrectly and the need to use quote complex chemrcal 
systems. 

The pressure dependence of the reactlon has been 

cited as evtdence for an assocrative mechamsm proceed- 
ing vta H,O, [6-8,121. Most of the necessary molecu- 
lar parameters for a linear Hz04 specres have been de- 
termined by Gtguere and co-workers [18-201 and the 
HO,-O,H bond drssociation enthalpy has been estt- 
mated by Nangia and Benson [2 I 1, (see table 2). Thus 
it is possrble to use urumolecular rate theory to calcu- 
late the rate constant, k,, for dissociation of H,O, 
and hence, vta the equthbrium constant, to obtain the 
assoctation rate constant, k,, for the reactton 

"I 3417 

‘2 2869 

ui 855 

“4 764 

“5 450 

“6 
Y - 

LB 1408 

ys 1435 

VI0 823 
“I I 430 

“I? 

HOz 

“1 3410 

9 1390 

4 1095 

hlomcnts of mcrti3 I (3mu/A21 13,231 

Hz04 HOz 

I6 51 0 82 
113 24 I4 97 
11447 I5 84 

H02-02H Bond dtssocwon energy (kJ mol-t ) 12 I I 

AH!& = 37 7 a&?=334 Troe [24,25] has recently developed approxrmate for- 
mulae which may be readrly used to calculate k, m the 
limiting third-order region. Usmg the data in table 2 
and assuming a strong colhslon model gives k,, = 2 6 
X lO-33 cm6 molecule-* s-l, which is sigmficantly 
smaller than the experimental value of 5.4 X IO-j2 
cm6 molecule-? s-l found by Sander et al. [ 121 for a 
N, dduent Adoptmg a more reahstic weak colhsion 
model would reduce the calculated value of k, o stdl 
further. The approximations made in the Troe’model 
are unlikely to introduce an error of thts magmtude. 
At a given concentratton of the thud body [Ml, 
ka,o pl] represents a maxrmum value for the second- 
order rate constant, stnce k, falls below thus asymptotrc 
lmut as the pressure increases. Thus, given that an asso- 
cratrve mechamsm operates, rt is clear that the Hz04 
molecule must have a larger density of states or be 
more strongly bound than the species descrtbed by 

Em-t ) 
TYPC RlZf 

O-H stretch sym 

O-H bend sym 

O-O stretch sym 

O-O stretch mcd 

000 bend sym 

free rotor 

free rotor 

O-H stretch asym 
O-H bend asym 

O-O slrctcli dsym 
000 bend nsym 

free ro*or 

O-H slrctch 
bend 

O-O slrcfch 
1:; 
I31 

Ctguerc ct al. [ 18-201 and by Naugta and Benson 1211 
If A,!$, the dissocratron cncrgy at OK, IS Increased 

so as to match the calculated and experuncntal thtrd- 
order rate constants, then a value of 73.0 kJ mol-’ IS 
rcquued This assumes a weak collrsron model wth a 
deactrvatton efficrency & of 0.35 

The validity of the assumptton of thud order kmetic 
at 700 Torr pressure for an assoclatwc mccharusm can 

be assessed using Luther and Tree’s [25 ] approxrmate 
method, based on reduced Kasscl integrals, for cstrmat- 
ing the fall-off behavror of such reactions. If the high- 
pressure rate constant IS taken as I .4 X IO-11 1x113 

molecule-t s-t, by analogy wrth the recombination of 
the isoelectromc ethyl radical 1261, and the broadening 
parameter IS taken as 0.6, then the predrctcd half pres- 
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sure for HO2 recombmatlon IS ~33 atm. Thus thtrd- 
order kinct~cs for HO? recombmation would bc expect- 
ed even 81 pressures greatly tn excess of 1 ntm 

Tlw strong negative temperature depcndencc ofkt 
was dlscussed by Lli et al [6] n terms of a compelllion 
bctwccn the back drssocratlon of a tirermallzed H204 
spcc~cs and 11s decomposltton to H,O, and 02_ How- _ - 
ever It cm be shown that the temperature dependence 
as emly 3ccon~Inod3ted wl~rn 3 pressure dependent 

association rcactton. Followmg Troe [24], and assum- 
mg wdk colllstons, rhe model prcdtcts an exponent rr, 

for X-,,O ( =AT-‘z). of 4 7. Con~p~~son of this value 

with ~hc c~per~mental one of I 9 f 0.1. which includes 
the temperature dependence of the pressure indepen- 
dent ~oniponent. IS not strar~tfo~vard E~~rinlcnts 
on the pressure dependence at elevated temperatures 
are needed before a quantitative treatment can be 
given, but rt IS clear that a strong negatrvc temperature 

depcndencc of the type found expenmentally can be 
adequately accounted for by the simple nssoclation 
nlecl~3nisn~. 

Fmally It IS of mtcrest to consider the nature of the 
pressure mdepcndent component of k, observed by 
Sander et al. [ 12]_ Troe [2] measured X-t over the tem- 
perature range 950-1450 K and obtamcd ,I value rn 
the range (I 7-3 3) X IO-t2 cm3 molecule-t s-t 
which 1s signr~c~ntly greater than the value of 7.0 X 
10-13 cm3 molecule-l s-1 obtameri at 1200 K by ex- 
trapolation of the present experimental results. One 
possible mterprctatlon is thar a &reel abstraction 
mechanam, wrih a positive temperature dependence, 
sets m at higher temperatures. Tlus mechamsm may 
also account for the pressure rndependent component, 
kt,O, but, if so, rt must show a complex temperature 
depcndencc smce the total expenmental rate constant 
at 500 K IS less than the value of kt., at room temper- 
ature 

A further possrble mechamsm for the pressure mde- 
pendent reaction can be invoked by considering the 
energetrcs of the overall reaction. incorporating 
Howard’s [27] value for AH&IO?) and Nangla and 
Benson’s estimated HOZ-O~H bond dissociation en- 
thalpy, gives the followmg enthalpies of reactton’ 

2HOz + H,04, A$,, = -37 7 mJ mol-‘; 

H,O, + Hz02 f 0~(~2), AH’;1g8 = -I 19.3 kJ mol-t. 

H204 + Hz02 + O,(‘A), A@gg = -25.0 kJ mol-I. 

346 

O,(tA) is an energetrcaliy possrble product although 
tis route from H,04 becomes mcreasingly endo- 

thermic if It IS necessary to assume a iarger dissocratron 
enthalpy for HO,-0,H. Thus two reactlon channels, 
proceeding yla H204ymay operate, although on sur- 
faces of different multiplicity, Both wouId be expect- 
ed to be pressure dependent, although these depen- 
dences may not be the same. A more detatlcd expen- 
mental study of the overall rate constant at pressures 
sigmticantty lower than those exammed by Sander et 
al. [ 171 IS needed and IT IS relevant to note that Thrush 

and W&&son 151, worlung at pressures of 2-4Torr 

He, found no indication of a zero pressure intercept_ 
A major problem for the assoclatlve mechanism IS 

presented by the DO2 + DO2 reaction however. Anal- 
ymofthe dataofsanderet al. [l?J leads to an appar- 
ent third-order rate constant of 1.9 X lO-32 cm6 mole- 
cule-l s-t for this reaction in a NT dduent: a factor of 
2 8 trmes slower than the protonalid case. It is mter- 
estmg to note that a simple Troe calculatron would sug. 
gest that the third-order rate constant should be faster 
by a factor of x2 on substrtutmg deuterium, largely as 

a result of the Increased density of states m DzO, at 
the dlssoctatron threshold. 

hlore detmled calculations are In progress in an at- 
tempt to Interpret this behavror [28]. 
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