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Kinetics of the Reactions of the Hydroxyl Radical with 
Molecular Chlorine and Bromine 

Razmik B. Boodaghians, Ian W. Hall and Richard P. Wayne" 
Physical Chemistry Laboratory, South Parks Road, Oxford OX1 3QZ 

The rates of the reactions of OH with C12 and Br2: 
OH + C12 + HOCl+ C1, 

OH + Br, --., HOBr+ Br, 

AH& = 4.3 kJ mol-' 

hHg8 = -38.05 kJ mol-' 
(1) 

(2) 
have been investigated over a range of temperatures between 253 and 333 K 
by using a discharge-flow resonance-fluorescence technique. At 293 K the 
rate constants for reactions (1) and (2) are 

k, = (6.8 f 1.0) x cm3 molecule-' s-' 
k2 = (3.4* 1.2) x lo-'' cm3 molecule-' s-'. 

The rate constant for the reaction of OH with C1, increases with temperature, 
and can be fitted between 253 and 333K by the following Arrhenius 
expression: 

k, = (1.7:;:;) x lo-', exp -(911 f 373)/ T cm3 molecule-' s-l. 
For the reaction of OH with Br2, the data are consistent with a zero activation 
energy, although a small activation energy (not exceeding 5 kJ mol-') could 
also be supported. 

It is a common assumption that the reactivity of radicals towards molecules is linked 
to the physical properties of both reacting species [see, for example, ref. (l)]. Many of 
the OH-halogen radical-molecule reactions have been investigated before, but informa- 
tion on the temperature dependences, which would allow consideration of the activation 
energies as well as the rate constants, is lacking in several cases. A clearer picture of 
the mechanisms of radical-molecule reactions can only emerge as knowledge of the rate 
data becomes more detailed. We have therefore undertaken a study of the temperature 
dependences of the reactions: 

OH+C1, + HOCl+Cl (1 )  

OH+Br, -+ HOBr+Br. (2) 

Experimental 
Apparatus 

The discharge-flow resonance-fluorescence technique was used in the present experi- 
ments. Our apparatus has been described in detail in previous publi~ations,2'~ and only 
an outline of it is presented here. Hydroxyl radicals were generated in the helium carrier 
gas by the reaction of H with NO2 in the upstream section of the flow tube. The 
molecular halogen reactant was admitted via a sliding stainless-steel injector to provide 
variable contact times. The flow tube was constructed of Pyrex of 25 mm i.d., and it 
was double-walled to permit circulation of liquids for temperature control. Flow 
velocities of up to 23 m s-l could be maintained for carrier gas pressures in the range 
1-5 mmHg [ca. (1.3-6.6) x lo3 Pa]. 
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530 Reactions of OH with C12 and Br, 

Conventional gas-handling techniques were used for the supply and metering of the 
carrier and reactant gases. All storage bulbs were equipped with electronic Bourdon 
gauges: and flow rates measured with capillary flow meters. Except in the case of 
helium-bromine mixtures, pressure differentials were determined with dibutylphthalate 
manometers. Bromine was found to dissolve substantially in the manometer fluid, and 
a differential version of the electronic Bourdon gauge was developed for this application. 
To avoid contact of the differential transformer with corrosive gas, an encapsulated iron 
core, attached to the Pyrex spoon, moves between externally mounted coils that form 
two of the arms of an a.c. bridge. 

Resonance fluorescence, in the X 211 + A 'C+ transition, was used to monitor the 
concentration of OH radicals. The detection system, consisting of collimators, inter- 
ference filter, chopper, cooled photomultiplier (EM1 9757B) and a microprocessor- 
controlled two-channel counter was similar to that described p rev io~s ly ,~ ,~  except that 
the fluorescence cell was made from stainless steel to allow more rigid attachment of 
both resonance lamp and detector train to the observation region. The sensitivity towards 
OH of this detection system, for an integration time of 10s and a signal-to-noise ratio 
of unity, was 1 x 10" molecule ~ m - ~ .  To minimize the effects of secondary reactions, 
[OH] was kept below 2 x 10" molecule cmV3 in the experimental runs. 

Materials 

Helium, hydrogen and NO, were obtained from the same sources and purified by the 
same methods as those described in our previous p~bl icat ion.~ Chlorine (BDH, purity 
> 99.5%) and bromine (AnalaR, purity 99.9% ) were purified by repeated freeze-pump- 
thaw cycles. 

Results 

The Reaction of OH with Clz 

The rate of reaction of OH with Clz is determined by measuring the decay of the OH 
fluorescence signal as a function of injector position for known excess concentrations 
of chlorine. Contact times are calculated from the distance between the tip of the sliding 
injector and the OH detection point. Typical examples of the decay in OH fluorescence 
are shown logarithmically as a function of contact time in fig. 1. The gradient gives the 
pseudo-first-order rate coefficient, k: .  

The pseudo-first-order rate coefficients determined as described should be the product 
of the second-order rate constant for the reaction multiplied by the reactant concentration 
so long as two conditions are satisfied. First, loss of OH on the injector must be 
negligible. We have already e~tablished,.~ that this condition is met with our apparatus. 
Secondly, the rate of loss of OH on the main flow tube walls must not vary with the 
amount of halogen added over the concentration range employed. In the absence of 
added halogen, the wall loss rate can be assessed by producing OH at different points 
down the tube, as described previ~usly,~ the values found being typically 5-10 s-' for 
the Pyrex tube coated with halocarbon wax. Fig. 2 shows ki plotted as a function of 
[Cl,] for T = 293 K. In this plot, and its analogues for different temperatures, there is 
no evidence of significant curvature, and the 95% confidence limits of the apparent 
small intercept include the origin. There is, therefore, no reason to suppose that varying 
wall loss rates distort the data in these experiments, and the slopes of figures such as 2 
are taken to give the true second-order rate coefficient for the reaction. 

Our room-temperature value of k,  is given in table 1, together with results of previous 
determinations. The error limits quoted throughout are 95% confidence limits obtained 
from a linear least-squares analysis. 
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Fig. 1. OH fluorescence intensity as a function of contact time for three chlorine concentrations. 
[C12]/10'4 molecule ~ r n - ~  = 1.82 (0); 3.23 (0); and 5.79 (D). 

Reaction (l), the reaction between OH and Clz, was studied over the temperature 
range 253 to 333 K; the rate constant was found to vary from (4.4f0.4) x 

cm3 molecule-' s-' at 333 K (see 
table 2). Fig. 3 displays these data in Arrhenius form and yields the following values 
for the activation energy and the pre-exponential factor: 

EA = 7.6 f 3.1 kJ mol-' 

A = ( 1.7 ';::) x 1 0-l2 cm3 molecule-' s-'. 

cm3 molecule-' s-' at 253 K to (11.1 f2.6) x 

The Reaction of OH with Brz 

Experiments entirely analogous to those performed in the study of reaction (1) were 
conducted to determine the rate of reaction between OH and Br,. Some typical plots 
showing the decrease in OH fluorescence intensity with increasing reaction time are 
presented in fig. 4, while fig. 5 is the plot from which the second-order rate constant is 
derived. Similar arguments to those used in the case of the C1, reaction argue against 
a wall loss rate that depends on [Br2]. Previous determinations of k2 are shown along 
with our result in table 3. 

Since reaction (2) is 'fast' in the sense that substantial fractional conversion of OH 
occurs on the timescale of our experiments, the possibility of secondary processes 
involving the product molecules, e.g. 

OH+HOBr + products (3) 
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532 Reactions of OH with Cl, and Br, 

2 4 6 8 10 
[ c I J / ~ o ' ~  molecule ~ r n - ~  

Fig. 2. Pseudo-first-order rate constant as a function of chlorine concentration. 

Table 1. Room-temperature values of k, 

k1/10-14 cm3 molecule-' s-l ref. 

6.8 f 1.0 
ca. 8 

6.7 f 0.72 
5.5 f 0.3 

this work 
3 
1 
7 

Table 2. Variation of kl with temperature 

T /  K kJ 10- l~  cm3 molecule-' s-l 

253 
273 
293 
313 
333 

4.4 f 0.4 
6.6f 1.4 
6.8* 1.0 
9.5 f 1.0 

11.1 f 2.6 
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Fig. 3. Arrhenius plot for the reaction OH+Cl,. 

must be considered. Because [OH] is kept small (<2 x 10" molecule ~ m - ~ ) ,  such secon- 
dary reactions can only play a very minor role. For example, a 50% loss of OH implies 
a maximum concentration of HOBr of 10" molecule ~ m - ~ ,  so that, even with a rate for 
reaction (3) approaching the gas-kinetic limit, the secondary reaction could contribute 
only a few percent to the total measured rate of loss of OH. A full numerical integration, 
using the FACSIMILE package,' indicates quantitatively that the contribution of secondary 
reactions is unlikely ever to exceed 5%.  This simulation takes into account further 
reactions of the products of reaction (3), as indicated in table 4, as well as the measured 
extent of reaction for any particular [Br2] added. 

Reaction (2) was studied at temperatures between 262 and 303 K; the results are 
summarized in table 5 and shown as an Arrhenius plot in fig. 6. The rate constants 
appear to be much less dependent on temperature than are those for kl ,  and the errors 
produced by least-squares fitting to the Arrhenius expression are correspondingly large. 
Mechanical application of the statistical analysis yields the following Arrhenius 
parameters: 

EA = 7.2 f 9.2 kJ mol-' 
A = (5.8T:y) x lo-'* cm3 molecule-' s-'. 

A reasonable way of interpreting these error ranges is presented in our Discussion. 

Discussion 
Our room-temperature (293 f 2 K) value for kl is (6.8 f 1.0) x cm3 molecule-' s-', 
in good agreement with previous determinations (298 K, see table 1). In all of the 
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534 Reactions of OH with Clz and Br, 

6.0 ' I 1 I 

1 2 3 
contact time/ms 

Fig. 4. OH fluorescence intensity as a function of contact time for three bromine concentrations. 
[Br2]/1013 molecule cmP3 = 1.09 (0); 2.32 (0); and 3.16 (M). 

previous experiments on reaction ( 1),'3397 the discharge-flow technique with resonance- 
fluorescence detection of OH was used. At 293 K we found the rate constant for reaction 
(2), k2, to be (3.4* 1.2) x lo-'' cm3 molecule-' s-'; this value agrees within experimental 
error with the results of other workers, shown in table 3 .  Poulet et aL8 used a discharge- 
flow method with eleQron paramagnetic resonance or laser-induced fluorescence to 
measure [OH]: Loewenstein and Anderson' used the discharge-flow resonance-fluores- 
cence technique. 

As far as we know, ours are the first investigations of the temperature dependences 
of the reactions of OH with molecular chlorine and bromine; we can only compare our 
experimental results with estimates and theoretical predictions. Table 6 shows estimates 
of the Arrhenius parameters made by Jenkin et aL9 by interpolation between data for 
the OH + F2 lo and OH + I, reactions. 

We have also calculated theoretical pre-exponential factors for the reactions of OH 
with the halogen molecules (see table 7) from simple collision theory. The values of 
the molecular diameters, D(X2) ,  are derived from measurements of the second virial 
coefficient." D(0H) was taken, from an electron density mapping study," to be 
354.5 pm. 

If the pre-exponential factor, A, is equated with the collision frequency factor, Z',  
our room-temperature measurement of k, combined with the value of 2' implies an 
activation energy of 20.56 kJ mol-' for the reaction OH + C12, a value very close to the 
estimate of Jenkin et aL9 Our measured pre-exponential factor for reaction (1) is much 
smaller than either the interpolated value or the collision frequency factor, and our 
activation energy is correspondingly lower. However, the experimental value of EA is 
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Fig. 5. Pseudo-first-order rate constant as a function of bromine concentration. 

Table 3. Room-temperature values of k2 
~~~ ~~ ~ 

k2/ lo-'' cm3 molecule-' s-' ref. 

3.4* 1.2 
4.2 f 0.7 

5.28 f 0.63 

this work 
8 
1 

Table 4. Data used in numerical simulations 

rate constant 
reaction /cm3 molecule-' s-' 

OH + Br2 ---* HOBr+ Br 4.8 x lo-'' 
OH + HOBr + H02+ BrO 
OH+BrO + HO,+Br 

1 x 10-'Ob 
1.0 x lo-" a 

OH+Br+M + HOBr+M 1 10-14 b,c 

HO,+Br + OH+BrO 8 x a 

535 

a Ref. (6). Estimated value. [MI = 1.7 x lo" molecule 
~ m - ~ .  
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536 Reactions of OH with Clz and Br, 

Table 5. Values of k2 measured at various 
temperatures 

T /  K k2/10-" cm3 molecule-' s-' 

262 
273 
293 
303 

2.1 1.2 
2.5 f 1.0 
3.4* 1.2 
3.0* 1.4 

- 26 
3.2 3.4 3.6 3 .a 4.0 

lo3 K/ T 

Fig. 6. Arrhenius plot for the reaction OH + Br,. 

supported by evidence from work on the reverse reaction: 

Cl+HOCl + OH+Cl, (4) 

by Cook et who obtained a value of 1.08 kJ mol-' for the reverse activation energy. 
The endothermicity of reaction (1) (4.3 kJ mol-') thus suggests a forward activation 
energy of 5.4 kJ mol-', a value comparable to ours. For process (2), the reaction between 
OH and Br2, the meaning of the Arrhenius parameters must be considered further. 
Since the 95% confidence limits on EA reach zero, it might be thought sensible to regard 
reaction (2) as being temperature-independent over the range studied. In that case, the 
weighted mean of the second-order rate constants is 

k2 = (2.8 f 1.2) x lo-" cm3 molecule-' s-' 
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Table 6. Rate parameters for the reactions OH + X2 at 298 K 

x2 k/cm3 molecule-' s-' A/cm3 molecule-' s-' EJkJ mol-' 

F2 7.4 x 1.2 x lo-"" 75.3 " 
c12 5.5 x 1 0 - l ~  1.7 x lo-'' 20.0 

Br2 4.2 x lo-'' " 1.7 x lo-'' 3.5 
Br2 2.8 x lo-" +2.8 x lo-'' 0' 
Br2 3.4 x lo-'' 3.1 x 5.5 
I2 2.1 x 10-'Oe 2.1 x 10-'O 0.0 

c12 6.8 X 1.7 x 7.6 

" Experimental v a l ~ e . ~ ~ * ~ ' ~  Inferred value.' This work. Re-exponential factor 
for the Br2 reaction will be correspondingly larger if there is any activation energy. 

This work. A factor assumed equal to collision frequency factor, 2' (table 7). 
Experimental value? 

Table 7. Collision frequency factors at 293 K" 
~~ ~~~~ ~ 

x2 ~ ( ~ , ) / p m  a/10-19 m2 p (amu) z'/ lo-'' cm3 molecule-' s-' 
~ ~~ 

F2 335.7 3.741 11.75 
c12 421.7 4.732 13.72 
Br2 429.6 4.829 15.37 
I2 516.0 5.952 15.93 

2.72 
3.18 
3.07 
3.72 

" D ( 0 H )  = 354.5 pm.12 

and this value will also be the A factor. If there really is an activation barrier, then A 
must be correspondingly larger. Since A is most unlikely to exceed 2' (3.1 x 
lo-'* cm3 molecule-' s-'; table 7), the maximum value of EA that can be accommodated 
is ca. 5.5 kJ mol-', a value also permitted by the error range quoted for the experimental 
determination. Our realistic range for EA is thus 0-5.5 kJ mol-', and that for A is 
2.8 x lo-'' to 3.1 x lo-'' cm3 molecule-' s-'. 

Comparison of the predicted' values (table 6) of EA with our experimental estimates 
shows both values to be small, and easily reconciled within experimental error. For the 
C12 reaction, however, the predicted EA is appreciably higher than the centre of our 
experimental range, and the predicted A factor thus two orders of magnitude larger 
than we find. Even the upper limit of our 95% confidence bounds for A is a factor of 
nearly 30 smaller than the prediction. We have discussed earlier additional arguments 
that support the measured activation energy, and hence the pre-exponential factor. 
Indeed, the value obtained seems eminently reasonable for a reaction involving OH. 
For example, for hydrogen-atom abstraction in the reaction OH + HCl, the pre-exponen- 
tial factor is 2.6 x cm3 molecule-' s - ' . ~  In the OH + Br, reaction the pre-exponential 
factor must be at least one order of magnitude larger, since the room-temperature rate 
constant (3 x lo-" cm3 molecule-' s-') places a lower limit on the factor, even assuming 
that the activation energy is zero. The trend of increasing pre-exponential factor is 
continued with the OH+12 reaction, where the lower limit is 2.1 x 
lo-'' cm3 molecule-' s-'.' It is not possible to make any firm statements about the 
OH + F2 reaction because the measurements represent long extrapolations from imprecise 
determinations at flame temperatures, where the reaction probably does not even yield 
the products HOF+ F, but rather HF+ F+ 0. It is likely that the OH + F2 data distort 
the interpolated predictions for C12 in table 6. A question arises as to why the pre- 
exponential factors for the Br2 and, especially, I2 reactions are so large. One possible 
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538 Reactions of OH with C12 and Br2 

explanation is that the relatively large polarizabilities of the heavier halogens favour 
the encounters leading to a long-lived HOX2 complex. 

We thank Ms F. S. Toby and Mr P. A. Cowley for their help in making some of the 
measurements. We thank the N.E.R.C. for a Research Award under the auspices of 
C.C.R.A.C. that supports R.B.B., and I. W.H. thanks A.E.R.E. Harwell for a grant under 
agreement no. H2C 3934 EMR. 

References 
1 L. M. Loewenstein and J. G. Anderson. J. Phys. Chem., 1984, 88, 6277 
2 J. P. Burrows, T. J. Wallington and R. P. Wayne, J. Chem. SOC., Faraday Trans. 2, 1983, 79, 111. 
3 J. P. Burrows, T. J. Wallington and R. P. Wayne, J. Chem. SOC., Faraday Trans. 2, 1984, 80, 957. 
4 R. P. Wayne, J.  Phys. E, 1981, 14, 306. 
5 E. M. Chance, A. R. Curtis, I. P. Jones and C. R. Kirby, FACSIMILE: A Computer Program for Flow 

6 NASA Data Evaluation 7, ed. W. B. DeMore (JPL Publication 85-37, 1985). 
7 M-T. Leu and C. L. Lin, Geophys. Res. Lett., 1979, 6, 425. 
8 G. Poulet, G. Laverdet and G. LeBras, Chem. Phys. Lett., 1983, 94, 129. 
9 M. E. Jenkin, K. C. Clemitshaw and R. A. Cox, J.  Chem. Soc., Faraday Trans. 2, 1984, 80, 1633. 

and Chemistry Simulation, and General Initial Value Problems (HMSO, London, 1977). 

10 V. V. Nosava, L. A. Lovacher and V. I. Vendeneev. Combust. Flame, 1964,8, 163. 
11 R. C. Reid, J. M. Praunitz, and T. K. Sherwood, in The Properties of Gases and Liquids (McGraw-Hill, 

12 R. F. W. Bader, I. Keaveney and P. E. Cade, J.  Chem. Phys., 1967,47, 3381. 
13 J. L. Cook, C. A. Ennis, T. J. Leck and J. W. Birks, J. Chem. Phys., 1981, 75, 497. 

London, 1977). 

Paper 6/ 1274; Received 23 rd June, 1986 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
87

. D
ow

nl
oa

de
d 

by
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
N

ew
 Y

or
k 

at
 S

to
ny

 B
ro

ok
 o

n 
29

/1
0/

20
14

 1
2:

57
:2

5.
 

View Article Online

http://dx.doi.org/10.1039/f29878300529

