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Abstract 

The rate constant for the reaction of phenyl radical with hydrogen bromide has been 
measured with the cavity-ring-down method a t  six temperatures between 297 and 523 K. 
The Arrhenius expression for the H abstraction reaction can be effectively given by: 

k4 = 10-10.3950.10 exp[-(551 ? 19)/T] cm3/s. 

The values of these parameters are similar to those for the H + HBr reaction, but are in 
sharp contrast to those for alkyl radical reactions. The gross difference between the alkyl 
radical reactions and the phenyl and H-atom reactions could be rationalized in terms of the 
inductive effects of these radicals as measured by Taws (T* (polar) constants. 0 1993 John 
Wiley & Sons, Inc. 

In a recent series of studies, Gutman and co-workers [l-31 have shown 
that the reaction of alkyl radicals with HBr occurs with a strong negative 
temperature dependence. The measured activation energies vary from 
-0.5 kcal/mol for CH3 to as large as -1.9 kcal/mol for t-QH9 according 
to more recent reports [3,41. 

The reaction of H atoms with HBr, on the other hand, has been shown 
to take place with a small positive activation energy, 0.62-0.91 kcal/mol, 
according to the results of several investigations 15-71. The absolute value 
of the rate constant for the reaction is, however, comparable to those for 
the alkyl reactions [3,41. 

The surprisingly large “negative activation energies” observed for these 
alkyl reactions could be qualitatively attributed to the well-known electron- 
donating (+I) effect of the alkyl groups [€I], which gives rise to a strong 
polar interaction, R - . - H +  - Br-, during the course of the reactions. In 
fact, a complex-forming mechanism assuming the presence of a short-lived 
RHBr intermediate has been invoked to account for the observed negative 
temperature dependency [l-4,9,101. The H atom, which does not have a 
strong electron-donating effect, is therefore expected to behave normally 
with a small positive activation energy [5-71. 

In this study, we have investigated the reaction of the CsH5 radical with 
HBr using a new resonance absorption technique 111- 131. The applicability 
of this technique has been tested with the well-known NH2 + NO reaction 
[ 141, with excellent agreement between the measured bimolecular rate 
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constant (1.4 2 0.2 X cm3/s) and the recommended literature value 
(1.6 X cm3/s) at 297 K. The great sensitivity and selectivity of this 
technique allows us to measure absolute rate constants for many C& 
radical reactions at room temperature down to ca. cm3/s [131. The 
effect of temperature on the rate of the C6H5 + HBr reaction, measured 
for the first time in this work, will be discussed with reference to the 
aforementioned R + HBr reactions. These results will be correlated with 
the known inductive effects of the R-groups in terms of Taft's u* polar 
constants [151. 

Because the experimental setup for the present kinetic measurement 
has just been published in the literature [131, it is briefly described as 
follows: Two pulsed lasers were employed for kinetic measurement. The 
first, photolytic laser (KrF, 248 nm) was introduced into the reaction system 
through two quartz windows crossing each other at the center of a heated 
flow-tube reactor. The second, probing laser (Laser Photonics Na-laser 
pumped dye laser, FWHM = 8 ns), was injected into the system between 
the two dissociation beams and overlapping with them at the center of the 
reactor, at different time-intervals after photo-dissociation, to probe the 
C6H5 radical through one of the two highly reflective mirrors (R = 0.9999 
with 6 m radius of curvature) enclosing the reactor. The mirrors were 
optically aligned with a He-Ne laser to  form a low-loss resonating cavity. 
The concentration of the C&t5 radical produced from the photolysis of 
C6H5NO was measured in terms of the decay time of the injected dye 
laser pulse, detected with a photomultiplier tube located behind the second 
mirror. 

The decay time of the probing laser pulse was significantly lengthened 
over its original pulse width (from 8 ns to about 30 ps) due to oscillation 
inside the cavity. The presence of an absorbing species (such as C6H5 at 
504.8 nm) shortens the decay time which can be described by the following 
eq. H61: 

(1) -d@/dt = @(acl/nL + l/t:) 
where @ is the number of photons injected into the optical cavity, t," is 
the photon decay time in the absence of an absorbent whose absorption 
coefficient is (Y at the probing wavelength, c is the velocity of light, n is the 
index of refraction of the absorbing medium with width I ,  and L is the cavity 
length formed by the two mirrors. Integration of eq. (1) at constant a gives 

(2) Q, = Q,o exp(-t/t,) 

where 

l/tc = acZ/nL + l/t," 

or 

(3) l/tc - l / t ,"  = acZ/nL 

The absorption coefficient (Y in eq. (3) is the product of the radical extinction 
coefficient, e ,  and its concentration, [RIt,, at t' after photoinitiation. Since 
the photon decay time (t, 5 30 ,us) is much shorter than the radical decay 
time (typically 1 5 t' 5 50 ms), the integration of eq. (1) performed above 
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was made by assuming a constant value of a within the photon decay time. 
Substituting the relationship, a = E [ R ] ~ ,  = E[R]o exp(-k't'), into eq. (31, 
we obtain 

or 

(4) ln(l/t, - l/t,") = B - k't' 

where B = ln(cZe/nL) and k' is the first-order decay constant of the radical 
(with an initial concentration [Rlo) measured in the presence of an excess 
amount of a molecular reactant such as HBr. 

The linear relationship between In( l / tc  - l/t,") and the reaction time, t', 
for the reaction of C6H5 with HBr is illustrated in Figure 1. The photon 
decay times, t, and t:, were measured with the photolysis laser turning on 
and off, respectively. The slopes of the ln(l/t, - l/t;) vs. t' plots give the 
pseudo-first-order decay constants for C6H5 in the presence of different 
(excess) amounts of HBr. The absolute values of the second-order rate 
constant, k", for the C6H5 + HBr reaction were obtained, in turn, from the 
slopes of the k' vs. [HBrl plots as presented in Figure 2 for three different 
reaction temperatures. A least-squares analysis of all measured kI1's at 
six temperatures between 297 and 523 K gave the following Arrhenius 
equation: 

k 4 -  - 10-10.39?0.10 exp[(-551 5 19)/T] cm3/s. 

The deviations quoted in the equation represent 2u's. 
It is interesting to note that the Arrhenius parameters of our rate 

constant for C6H5 + HBr, contrary to  those for the alkyl radical reactions 
[3,4], are very similar to  those of H + HBr reported by several groups [5-71. 
The clear difference between these two groups of radicals, alkyls vs. H and 
phenyl, as alluded to in the introductory section, could be attributed to the 
electron-donating power (the + I-effect) of these radicals. Because the whole 
series of the metathetical reactions, R + HBr - RH + Br ( R  = H, CH3, 
C2H5, i-CsH7, t-C4H9, and C6H5), which have been quantitatively studied 
to date, involve the transfer of H and the H atom in HBr is positively 
charged, the interaction of HBr with the alkyl groups is expected to be 
much stronger, particularly with t-C4H9, than with H or C6H5. The latter 
is known to exhibit the negative I-effect in a number of organic reactions [81. 

One of the best quantities to characterize the inductive effect of various 
aliphatic substituents is Taft's u* (polar) values derived from the rate 
constants for the acid or base-catalyzed hydrolysis of substituted esters 
[ E l ;  for example, 

OH 
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Figure 1. Typical pseudo-first-order decay plots for the C6H5 reaction under differ- 
ent, excess HBr concentration conditions. (O)-[HBrI = 0, (A)-[HBrl = 8.65 X 1013, 
(O)-[HBrl = 2.70 X (O)-[HBrl = 2.82 X lo'* all in molecules/cm3. The slopes of 
these plots give the first-order decay constants, k'. 

4800 6ooo I 0 

0 200 400 600 800 
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Figure 2. The k' vs. IHBrI plots at different temperatures. (0) T = 297 K, k = (5.82 2 
0.37) X cm3/s, and (A) T = 473 K, 
k = (12.8 2 0.8) X 10-l' cm3/s. The slopes of these straight lines give the second-order 
rate constants for the C6H5 + HBr reaction, k". 

cm3/s, (0) T = 373 K, k = (9.95 +- 0.55) X 
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-2.60 

In these reactions, the electron-donating or withdrawing effects of sub- 
stituent (R)  groups have a strong influence on the rates of the hydrolysis 
reactions. 

In Figure 3, we have plotted the experimentally measured activation 
energies for the R + HBr reactions against Taft's u* values given by 
Laidler [151 for the various R-groups. The activation energies for these 
simple abstraction reactions strongly correlate with the electron-donating 
or withdrawing properties of the attacking radicals. Those with positive 
u* values, such as H and C6H5, react with HBr With positive activation 
energies, whereas the ones with zero or negative u* values have negative 
activation energies. 

Recently, Wine and co-workers, in two separate studies [ 17,181, have 
measured the rate constants for the reactions of HBr with O(3P), CN2P), 
HS, and CHsS. The activation energies for these reactions are, respectively, 
2.9, 0.8, 1.9, and 0.8 kcal/mol. Although the u* values of the 0, C1, HS, 
and CH3S substituents associated with the type of hydrolysis reactions 
mentioned above are not known, they must be positive, on grounds that 
the related inductive substituent constants of the latter three groups (Cl, 
HS, and CHsS) are all positive, whereas those of the alkyl groups are 
all negative. This suggests that the correlation shown in Figure 3 for the 
hydrocarbon radicals is also qualitatively applicable to  these four reactions. 

Experiments are underway to investigate the kinetics of the C6H5 radical 
reactions with a variety of molecules, including DBr, HC1, DCl, and, 
most importantly, combustion-related species, in order to understand the 
chemical reactivities of this important prototype aromatic radical. 

1-C,H, 

I I J 

Figure 3. The correlation of the measured activation energies for the R + HBr - RH + Br 
reactions with Taft's (+* (polar) values as summarized in ref. [XI. (O)-This work, 
(+)-ref. [5],  (7)-ref. [6], (0)-ref. [7], (0)-ref. 131, and ( A h r e f .  C41. 



880 LIN AND YU 

Acknowledgment 

The authors gratefully acknowledge the support of this work by the Divi- 
sion of Chemical Sciences, Office of Energy Sciences, DOE, under contract 
no. DE-FG05-91ER14192. Helpful discussions with Drs. A. O'Keefe and 
M.C. Heaven are much appreciated. 

Bibliography 

[l l  J. J. Russell, J.A. Seetula, D. Gutman, and D. F. Nava, J. Am. Chem. Soc., 110, 

[21 J. J. Russell, J.A. Seetula, and D. Gutman, J.  Am. Chem. Soc., 110, 3092 (1988). 
[31 P.W. Seakins, M.J. Pilling, J.T. Niiranen, D. Gutman, and L.N. Krasnoperov, 

[41 J.M. Nicovich, C.A. van Dijk, K. D. Kruetter, and P. H. Wine, J. Phys. Chem., 95, 

151 R.K. Talukdar, R.F. Warren, G. L. Vaghijiani, and A. R. Ravistankara, Znt. J. 

161 U. Umemoto, Y. Wada, S. Tsunashima, T. Takayanagi, and S. Sato, Chem. Phys. 

[71 P. W. Seakins and M. J. Pilling, J.  Phys. Chem., 95, 9878 (1991). 
[81 J. March, Advanced Organic Chemistry, 3rd ed., Wiley, 1985. 
191 A. B. McEwen and D. M. Golden, J. Mol. Struct., 224, 357 (1990). 

[lo] Y. Chen, A. Rauk, and E. Tsuichow-Roux, J. Phys. Chem., 95, 9900 (1991). 
[ill A. OKeefe and D. A. G. Deacon, Rev. Sci. Znstrum., 59, 2544 (1988). 
[121 A. O'Keefe, J . J .  Scherer, A.L. Cooksy, R. Sheeks, J. Heath, and R.J. Saykally, 

[131 T. Yu and M.C. Lin, J. Am. Chem. Soc., 115, 4371 (1993). 
[141 D.L. Baulch, C. J. Cobos, R.A. Cox, C. Esser, P. Frank, Th. Just, J.A. Kerr, M. J. 

Pilling, J. Troe, R.W. Walker, and J .  Warnatz, J. Phys. Chem. Ref: Data, 21, 411 
(1992). 

3084 (1988). 

J.  Phys. Chem., 96, 9848 (1992). 

9890 (1991). 

Chem. Kinet., 24, 973 (1992). 

Lett., 143, 333 (1990). 

Chem. Phys. Lett., 172, 214 (1990). 

[151 K. J. Laidler, Chemical Kinetics, 2nd ed., McGraw Hill, 1965, p. 251. 
[161 A. Yariv, Optical Electronics, 3rd ed., CBS College Publishing, New York, 1985. 
[171 J .M.  Nicovich and P. H. Wine, Znt. J.  Chem. Kinet., 22, 379 (1990). 
[181 J. M. Nicovich, K. D. Kreutter, C.A. van Dijk, and P. H. Wine, J. Phys. Chem., 96, 

2518 (1992). 

Received January 19, 1993 
Accepted May 10, 1993 


