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Summary 

Previous studies on the photochemistry of the system hydrogen per- 
oxide-carbon monoxide-oxygen-isobutane, from which we obtained the 
rate constant for the reaction of hydroxyl with isobutane, have been contin- 
ued with other aliphatic hydrocarbons and additional hydroxyl radical rate 
constants have been obtained. The constants obtained were: CsHs, 13.4 X 
10-12; CsHs, 2.2 X 10-12; n-C4Hlo, 2.9 X 10-12; C-CqHs, 1.2 X 10-12; 
and c-C&H1 2, 6.7 X lo-l2 cm3 molecule-l s-l. 

For the reactions: 

H + H202+Q H,O + OH 
k6 H+H202--+ H, + HO, 

by a treatment of earlier data on the photochemistry of the system hydrogen 
peroxide-carbon monoxide, we have obtained k5 = 5.7 X lo-l5 and k6 = 

3.1 X lo-l5 cm3 molecule-l s-l. 

Introduction 

In a previous paper we have described a photochemical method for 
obtaining rate constants for hydroxyl radical reactions based solely on the 
determination of carbon dioxide 113 . The reaction scheme proposed was: 

H202 + hv (254 nm) + 20H (1) 

OH + H20s + Hz0 + HO2 (2) 

2H02 -+ H202 + O2 (3) 

OH+CO 4C!02+H (4) 

H + H202 + H,O+OH (5) 

H + H202 -+H2+H02 (6) 

H+02+M +H02+M (7) 

OH+RH + H20 + R (8) 
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If the initial reaction system consisted only of hydrogen peroxide and 
an inert gas, carbon dioxide, the integrated rate expression was: 

(9) 

where, for a fixed illumination geometry, 1; depends only on the incident 
intensity and was obtained from eqn. (9). 

If the initial reaction system consisted of hydrogen peroxide and carbon 
monoxide, steady state considerations gave: 

!3= ( d[CCkal /dt _ 1 

k6 dWz1 ldt 1 o 

Prom which we obtained k5/k6 = 2.0 + 1.0 at 298 K”. 
If the reaction system contained in addition sufficient oxygen so that 

the only reaction of hydrogen atom is reaction (7), the derived rate expres- 
sion was: 

21; 1 122 1 

(d[co,l ld0o = [CO1 o k4 + 
=A 

IH20210 
(11) 

Prom which, using a literature value of kq, we obtained k2 = 1.2 f 0.3 X 
10B1’ cm3 molecule-l s-l . 

If, in addition, a hydrocarbon was added to the reaction system, the 
derived rate expression was: 

G 
=A+ 

k, PHI o 

(d[CO,l /Wo kdCOloW2O210 
(12) 

Prom which we obtained k8 = 3.5 + 0.8 X lo-l2 cm3 molecule-’ s-l for 
isobutane. 

We have continued experimental studies in the system immediately 
above and have obtained results for several additional aliphatic hydrocarbons. 
Also by further consideration of the data from which we obtained k,/k,, we 
have obtained values of the individual rate constants, k5 and k6. 

Experimental 

The experimental procedures were the same as before [I]. Additional 
compounds used were: propene, Matheson C.P.; propane, Matheson Instru- 
ment Grade; n-butane, Matheson C.P.; cyclobutane, a laboratory synthesized 
product supplied by Professor J. Root; and cyclohexane, Baker and Adamson, 
Reagent. Except for the cyclobutane, the purity of the hydrocarbons exceeded 
99.9%; the cyclobutane contained 6.5% n-butane which, because of the small 
amount available to us, we did not remove. All of these hydrocarbons are 
transparent at 254 nm. 

* The value reported was 3.0 * 1.0 but should have been given as 2.0 f 1.0 because 

we neglected to subtract unity from the slope ratio as required by eqn. (10). 
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TABLE 1 

Initial rate of CO2 formation in the H20+X-O2-RH system 

IRHII’ (lO*WOzl/d~)/ 
Torr Torr s-l 

0.04 6.0 
0.07 6.2 
0.15 4.4 
0.16 4.0 
0.29 3.3 
0.30 3.2 

C3H8 

0.16 6.3 
0.34 5.8 
0.41 4.7 
0.56 5.2 
0.75 4.5 
1.16 4.2 
1.53 4.0 
1.54 3.3 

n-C4H10 

0.13 6.8 
0.44 5.3 
0.77 5.2 
1.56 3.2 
3.79 2.0 
6.20 1.0 

c-C4H8 

0.16 6.2 
0.77 5.2 
3.10 3.2 
4.67 2.7 

c-C6H12 

0.20 4.61 
0.48 3.00 
0.79 2.83 
1.24 2.00 
1.57 1.50 
1.59 1.50 
1.92 1.67 
2.37 1.00 

C3H6 

The results obtained at 298 K with the hydrocarbons are given in Table 1. 
The experimental conditions were: initial hydrogen peroxide, 0.95 Torr; 
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Fig. 1. Photochemical reaction in mixtures of Hz02, CO, 02, and hydrocarbon at 254 nm 
and 25 “C. 

initial carbon monoxide, 9.5 Torr; initial oxygen, 5.4 Torr; IO’, 8.7 X 10m4 
s-l. With added hydrocarbon, no carbon dioxide WE& produced in the ab- 
sence of carbon monoxide. 

Discussion 

Rate constants for the reaction of hydroxyl with hydrocarbons 
To obtain ks for the various hydrocarbons, we followed the procedure 

used in our previous paper for isobutane [l] . The data of Table 1 plotted in 
conformance with eqn. (12) are shown in Fig. 1. The slopes of the lines yield 
values of kg/k4 from which ks may be calculated using, as before, k4 = 1.5 + 
0.3 x lo-l3 cm3 molecule-l s-l at 298 K. The rate constants obtained are 
given in Table 2. The error limits given are f 25%, in all cases greater than 
the standard deviations calculated from least. squares analyses, which we-con- 
sider a realistic appraisaLThe comparison value for propene was obtained by 
a competitive kinetic scheme similar to ours [2]. The other comparison values 
were obtained by two different methods of kinetic spectroscopy: flash photo- 
lysis followed by optical absorption detection in a flow system [4] ; a flow 
discharge followed by mass spectrometric detection [3, 51. The three meth- 
ods give values in reasonable agreement, particularly when it is noted that 
the values of Greiner [4] have been corrected from somewhat higher values 
and that there may be reason to believe that the correction is not justified [6]. 

The rate constants for the reaction of hydroxyl with alkane hydrocar- 
bons are the only values for the reaction of an electrophilic free radical with 
a significant number of such hydrocarbons in the gas phase. It is, therefore, 
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TABLE 2 

Rate constants for the reaction of hydroxyl with hydrocarbons 

Compound kfdk4 

1012izs/cm3 molecule-l 6-l 

This study Literature value Ref. 

C3H6 89.3 13.4 f 3.4 11.0 f 3.0 2 
17.0 f 4.3 3 

C,Hs 14.3 2.2 * 0.6 1.2 * 0.1 4 

"'C4HlO 19.4 2.9 + 0.7 2.6 + 0.1 4 
4.1 t 1.1 5 

i-C4H1 o 23. 5a 3.5 + 0.9 2.3 + 0.2 4 

c-C4Hs [ 8.471b [1.31b 

c-C4H8 1.2 f o.3c 

c-C&n 44.8 6.7 f 1.5 4.8 r 0.3 3 

a Value obtained in our earlier work [ 11. 
b Uncorrected for n-butane impurity. 
c Corrected for n-butane impurity. 

interesting to compare these rate constants with those obtained with oxygen 
atom in its ground state, 3P an even-numbered-electron electrophilic biradi- 
cal, and with methyl radici, a typical non electrophilic radical. Such a com- 
parison is shown in Table 3 for the hydrocarbons we have studied. Although 
propene has been included, the reaction with hydroxyl is almost entirely 
addition to the olefinic bond [ 3, 71 and eqn. (8) for propene should be mod- 
ified to reflect this. The values for oxygen atom and methyl radical were 
calculated from the compilation of Kondratiev [8]. The methyl radical values 
are subject to considerable error because it was necessary to extrapolate from 

TABLE 3 

Comparison of rate constants for hydrogen atom abstraction 

Relative rate constants, reaction with 
Compound 

OH 0 CH3 

C3H6 4.6 2.5 2.5 

CSH8 0.8 0.8 0.002 

n-C4Hlo 1.0 1.0 1.0 

i-CdHlo 1.2 5.0 

c-C4H8 0.4 0.8 0.9 

c-c6H12 2-3 6.2 3.0 
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high temperature data and, in particular, the value for propane is highly un- 
certain at any temperature. For n-butane, where the relative rates for each 
abstracting species are taken as unity, the rate constants are: hydroxyl, 2.9 X 
10-l’; oxygen atom, 1.8 X IO-l*; and methyl, 6.7 X 10w2’ cm3 molecule-’ 
s-l. For addition to propene, the oxygen atom rate constant is relatively very 
much greater than for either hydroxyl or methyl radicals, probably due to a 
quite different addition mechanism. With the exception of the reaction of 
methyl with propane, which we have pointed out above is a highly uncertain 
value, there is a fair parahelism among the sets of relative rate constants. Thus, 
there is no evidence from these data that electrophilicity of the abstracting 
species has an important effect on the order of reactivity of aliphatic hydro- 
carbons, alkenes, alkanes, and cyclic. 

Rate constants for the reactions of hydrogen atoms with hydrogen peroxide 
As stated in the introduction, we have obtained kS/k, from eqn. (10) 

and data represented in Fig. 2 of our previous paper [ 11. Further consider- 
ations of the same data now allow us to obtain values for k6 and kg. 

In the system hydrogen peroxidecarbon monoxide, the amounts of 
carbon dioxide and hydrogen increase monotonically with time while the 
amount of oxygen reaches a maximum and then decreases. At the maximum 
the rates of formation and consumption of oxygen are balanced: 

k3[HOzl 2 = hIHI lo21 WI (13) 

and 

k,[Ml 1 d[COzl ldt 
k5 + k,= 1 + kslks Wbl /dt 

(14) 

From eqn. (10) and since (d[C02 ] /dt)/(d[H2] /dt) may be expressed by 
WC021 /U%l It+ eqn. (14) gives: 

In Fig. 2, the H2 us. CO2 yield has been plotted. The lower portion of the 
curve gives a straight line extrapolation to the origin, which is also an exper- 
imental point. The upper portion of the curve also yields a straight line which 
passes through the data corresponding to the maximum in the O2 yield. From 
the plot (d[H2] /d[CO,] ). = 0.35 and, hence, kb/kB = 1.86 + 0.14, in good 
agreement with our earlier value. Also (d[CO,] /d[H,] )Ozmax = 4.2, 

CH202 102 max = 0.58 Torr, and [O,] max = 0.067 Torr. From the above, 
k7 [M] /(k5 + ks) = 4.1. Additional pressures at the maximum in the O2 yield 
were Hz, 0.1; CO, 15.7; H20, 0.5; and C02, 0.4 Torr. With argon as the third 
body, k7 = 2.4 X 1O-32 cm’ molecule-2 s-l at 298 K; the reported effi- 
ciencies of third bodies relative to argon taken as unity are: CO, 2; COa, 3; 
and H20, 13 [9]. Assuming that H202 is about as efficient as H20, the third 
body pressures are equivalent to an effective argon pressure of about 46 Torr. 
From which k6 = 5.7 + 1.4 X lo-l6 and k6 = 3.1 f 0.8 X 10-l’ cm3 mole- 
cule-l s-l . 
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To this time, the only values of k5 which have been reported are gross 
approximations and, therefore, no realistic comparison with our value is 
possible. For k,, however, it is possible to calculate rate constants from re- 
cent results on the reaction of deuterium atom with hydrogen peroxide 
[lo]. Rate constants for the reaction: 

D+H,Oz+HD+HOz (16) 

in the range 294 - 464 K were obtained which gave 12, 6 = 1.2 X lo-l1 exp 
’ (- 2100 + 200/T) cm3 molecule- s -‘. At a single temperature, 37 5 K, 

W&a = 0.43 was obtained. This value of k6/k16 is in good agreement with 
one which may be calculated from the isotope effect. The ratio of pre-expo- 
nential factors calculated from collision theory is As/Al6 = 1.39. The differ- 
ence in activation energies, E, - E16, may be taken as equal to the difference 
in zero point energies in Hz and HD, Eod.r2) - E. (n n) = 3.46 kJ. These values 
yield k6/k16 = 0.46 at 375 K, in excellent agreement with the experimental 
value. Therefore, it is reasonable to use isotope effect theory to convert val- 
ues of k,, 
k 

to values of 12,. From k6 = [A,/A16 exp(Eo(,nI -EoCn,,)/RT]* 
16, kg = 1.7 X lo-l1 exp(-2500/T) cm3 molecule-’ s- . At 298 K, k6 = 

3.9 X lo-l5 cm3 molecule-l s-l, in good agreement with our result. 
A calculation of k6 by Baulch et al. 193, which placed major emphasis 

on the results of Albers et al. [IO] and some emphasis on the results of 
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Fig. 2. Production of CO2 and Hz from mixtures of Hz02 and CO irradiated at 254 nm 
and 25 “C. 
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Baldwin et al. [ 111 at temperatures in the range 713 - 773 K, gave k6 = 2.3 X 
lo-l2 exp(-1900/T) cm3 molecule-’ s-l and hence k, = 4.8 X lo-l6 cm3 
molecule-’ s-l at 298 K. For this calculation k6 /k16 = 0.43 was taken as 
constant over the temperature range 294 - 464 K. However, as shown above, 
the effect of temperature on this ratio is appreciable and may be calculated 
with some confidence. 

Acknowledgements 

We are pleased to acknowledge a discussion with Professor Cheves Walling 
who suggested the method we used to obtain k, and kg. We are also grateful 
to Mr. Y. Yamada for technical assistance. This investigation was supported 
by NSF Grant No. GP-13974. 

References 

1 R. A. Gorse and D. H. Volman, J. Photochem., 1 (1972/73) 1. 
2 R. Simonaitis and J. Heicklen, Int. J. Chem. Kinet., 5 (1973) 231. 
3 E. D. Morris, Jr., D. H. Stedman and H. Niki, J. Am. Chem. Sot., 93 (1971) 3570. 
4 N. R. Greiner, J. Chem. Phys., 53 (1970) 1070. 
5 E. D. MorrisJr. and H. Niki, J. Phys. Chem., 75 (1971) 3640. 
6 W. E. Wilson, Jr., J. Chem. Phys., 53 (1970) 1300. 
7 H. J. Hefter, T. A. Hecht and G. S. Hammond, J. Am. Chem. Sot., 94 (197 2) 2793. 
8 V. N. Kondratiev, Rate Constants of Gas Phase Reactions, National Bureau of 

Standards, U.S. Department of Commerce, Washington, DC., 1972. 
9 D. L. Baulch, D. D. Drysdale, D. G. Home and A. C. Lloyd, Evaluated Kinetic Data 

for High Temperature Reactions, Vol. 1, Butterworths, London, 1972. 
10 E. A. Albers, K. Hoyermann, H. G. G. Wagner and J. Wolfrum, 13th Int. Symp. on 

Combustion, The Combustion Institute, Pittsburgh, 1971, p. 81. 
11 R. R. Baldwin, D. Bratton, B. Zunnicliffe, R. W. Walker and S. J. Webster, Combustion 

and Flame, 15 (1970) 133. 


