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Phenyl radical thermolysis and rate constants for phenyl + 0 2  

S. S. Kuman"  and J. V. Michael 
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 USA 

Abstract: The thermal decomposition of C6H5I has been used to prepare in-situ known 
initial concentrations of phenyl radicals at high temperatures. These can be degraded by 
direct decomposition at T > 1350 K giving H + C6H4. Using H-atom ARAS, rate 
constants for c6H5 dissociation have been measured. Using the same ARAS technique, 
the H- and 0-atoms formed from the reaction, C6H5 + 02, have both been measured. The 
rate constant results are discussed along with lower T measurements in terms of RRKM 
calculations using published ab initio electronic structure determinations of transition states. 
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1. Introduction 
The role of phenyl radicals, C6H5 (= @), in the formation of polyaromatic hydrocarbon 
(PAH) molecules and ultimately soot in fuel rich hydrocarbon oxidation has been 
discussed by Frank et al. (1994). In this work we present data on the thermal dissociation 
of @ and on the direct reaction between 9 and 0 2  under conditions closely similar to those 
found in combustion systems. RRKM theory is applied to the $ + 0 2  reaction. 

2. Experimental 
The present experiments were carried out with shock waves in Kr using apparatus and 
procedures that have been previously described by Michael (1992a, 1992b). Reflected 
wave thermodynamic properties were calculated from incident velocities with boundary 
layer corrections. The experiments have utilized both H- and 0-atom ARAS techniques. 
In Kumaran et al. (1997) we measured the dissociation of iodobenzene, @I, using the I- 
atom ARAS technique. [I]t was also measured with added 0 2  to see if any additional 
species were present that might react with I-atoms. As expected from the known 
AfHo(IO2), [ut was constant; i. e., I-atoms are spectators under the present conditions. 
[H]t was then measured by the H-atom ARAS technique in the absence (@ thermal 
decomposition) and the presence of 0 2  (product of the @ + 0 2  reaction) using methods 
described by Lim & Michael (1994). 0-atom buildup measurements were then performed 
using the 0-atom ARAS (02 mole fraction of 1 x 10-3) technique (Michael & Lim 1992). 
In both cases, lamp emission was observed with a solar blind EMR G14 PMT; i. e., H- 
atoms with a MgF2 window and air filter at 121.6 nm through 1 atm of air, and 0-atoms 
with a CaF2 window at 130.2-130.6 nm through 1 atm of dry N2, both without further 
spectral resolution. All gases were either used as received or purified by methods already 
described by Kumaran et al. (1997). Gas mixtures were prepared and stored in an all glass 
vacuum line, and pressures were measured with a Baratron capacitance manometer. 

3. Results 
As in earlier work (Frank et al. 1994), iodobenzene, @I, was used as a source of @. With 
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H-atom ARAS, +I decomposition experiments were performed, and, in this case, the 
product H must arise from Q decomposition after the initially fast $I decomposition. 1st- 
order formation rates build up to a maximum and then decrease slightly at long times. 
Conversion never reaches 100% indicating that a 2nd-order reaction is occurring between 
the product H and $ (reaction (3), Table 1). The profiles were fitted with the Table 1 
mechanism (reactions (1)-(3)) where kl is taken from Kumaran et al. (1997) under the 

Table 1: Mechanism used for the pyrolysis 
of $ and for the $ + 0 2  Reaction.a 

~ 

Reaction A n E/R 

1 $I+$+I 1.93(12) 0 -26107b 
2 $+H+C2H2+C4H2 1.41(15) 0 -42202 
3 $+H+$H 3.3(-10) 0 0 

4a ($ + 02+$0 + 0 
4b $ + O2+H + C6H402 

1.73(-11) 0 
7.65(-12) 0 

5 $O+CgHg+CO 7.4(11) 0 
6 $ + O+CSH5 + CO 1.66(-10) 0 
7 C5H5 + O+CgH40 + H 2.0(-10) 0 
8 C6H402+C5H40 + CO 7.4(11) 0 
9 C5H5 + H+CgHg 2.5(-10) 0 
10 H + 0 p O H  + 0 3.17(-10) 0 

- 1803 
-1818 

-22O7Oc 
OC 

0 
-297OOc 

0 
-82Ud 

a11001T21450 K and P = 300-430 Torr Kr. All k’s 
in molecular units. b r o m  Kumaran et al. (1997). 
CFrom Frank et al (1994). dFrom Michael (1992a). 

same conditions as the present experiments. The results for 9 decomposition, k2, and Q + 
H, k3, are given in Table 2. Based on H formation, linear-least squares analysis gives k2 = 
1.41 x 1015 exp(-42202 m) s-1 over the temperature range, 1358-1548 K and the narrow 
pressure range, 398-488 Torr. From the long time profiles, rate constants for 
recombination, k3 in Table 1, were estimated, and are also given in Table 2. The results 

Table 2: Thermal dissociation of @ using [H]t 

Tg/(K) ak2/(s-1) ak3/(10-10 cm3 s-l) 

1523 
1358 
1464 
1410 
1447 
1548 

1500 
45 
500 
145 
250 

1800 

4.00 

3.35 
2.30 
2.00 
5.00 

-_ 

ak2 and k3 are derived from fits as described 
in the text. 



are best represented by the T-inbcpendent value, k3 = . 
s-l for the same ranges of T and P. 

3 k 1.23) x 10-lo cm3 molecule-1 

When 0 2  w& added, the formation of H was greatly enhanced, undoubtedly due to 
a 2nd-order reaction between $ and 0 2 .  Using the 0-atom ARAS technique, [O]t was 
additionally measured. As discussed by Frank et al. (1994), the mechanism has to be 
expanded with added 02, and two of their decomposition, (a) phenoxy (i. e., $0) and (b) 
C6H4O2, and one recombination, rate constants are adopted in the extended mechanism of 
Table 1. The entire mechanism, reactions (1)-(lo), is then used to fit both [H]t and [Olt. 
The H results are only slightly affected by $0 decomposition and the subsequent reaction, 
H + C5H5. The latter reaction only becomes important in the long time regime. Using 
the Frank et al. (1994) value for $0 decomposition (reaction (3, Table l), the best value 
for H + C5H5, 2.5 x 10-lo cm3 molecule-l s-l, is seen to be similar to that for H + $. 0 
decreases less at longer times indicating that the 0 recombination rate constants are lower 
than those for H-atoms. The Frank et al. value for reaction (6) was found to be adequate, 
but reaction (7) had to be increased by about a factor of two. Hence, with all secondary rate 
constants specified, the rate constants for reactions (4a) and (4b) can be iteratively 
adjusted until the predictions coincide with the measured [H]t and [Olt, particularly at short 
times (i. e., initial rates). The rate constant results are given in Table 3. 

Table 3: k's for @ + 0 2  

H-atom Results: 

1350 4.00 1.50 
1240 4.50 1.50 
1329 5.33 2.00 
1382 4.00 2.00 
1157 3.00 1.25 
1068 3.00 1.25 

0-atom Results: 

1236 4.00 2.00 
1295 3.80 1.70 
1403 5.50 2.75 
1143 4.00 2.00 
1099 3.50 1.50 
1167 4.00 2.00 

and bb are derived from fits as described 
in the text and are in units, cm3 sV1. 

Arrhenius plots for reactions (4a) and (4b) give the linear-least squares equations, 
h a =  1.73 x exp(-1818 m) cm3 m01eCde-l 
s-1, for 10685T551403 K and 2695P55421 Torr. To minimize secondary reaction 
interference, all experiments were carried out at low [$I](). Evenso, the sum of maximum 
H and 0 yields was -75% of [@I10 indicating that secondary loss through reactions (6)- 
(10) in Table 1 has some effect. However, this large conversion suggests that stabilization 

exp(-1803 m) and k& = 7.65 x 

4 



of initially formed $02* is not probable under the present shock tube conditions. It should 
also be emphasized that the h a  and b b  results are mostly based on initial rates and are 
therefore not strongly sensitive to secondary depletion. 

4. Discussion 
$ dissociation has previously been studied three times (Rao & Skinner 1984, Kiefer et al. 
1985, Braun-Unkhoff et al. 1988) giving respective values for k2 in Table 1 of: 1.2 x 1015 
exp(-41268 KR), 1.6 x 1015 exp(41268 K/T), and 4.5 x 1013 exp(-36500 WT) s-1, for 
T = 1500-2000 K. The present result is -0.5 times the two former, and -0.7 to 1.8 times 
the latter, expressions and therefore agrees with all estimates within a factor of two. 
Because of uncertainties in the nature of the dissociation process and transition states, we 
have not carried out RRKM calculations on $ dissociation. 

Frank et al. (1994) earlier showed that $ reacts with 0 2  to give 0, but there is also 
a significant H producing channel. $0 and quinone (C6H4O2), respectively, were the two 
suggested co-products. To confirm $0 formation and subsequent decomposition, they 
concurrently observed CO production using molecular resonance absorption spectrometry 
(MRAS). They also considered $02* stabilization to be a negligible process in contrast to 
the lower temperature results of Yu & Lin (1994). 

Here, the mechanism was initially expanded to include $02* stabilization using 
rate constant values consistent with those of Yu & Lin, but the predicted [O]t and [H]t 
disagreed with experiment. So, we agree with Frank et al., (a) that stabilization is unlikely 
under shock conditions, and, (b) that there is a large enhancement in H production from a 
direct reaction between $ and 0 2  producing H and quinone (or an isomer thereof). 

Our results can be compared to those of Frank et al. (1994). H and 0 detectability 
(ours being -10 times more sensitive) is the main difference between the two studies. 
Secondary reactions are then less important here than in this previous work. With 
mechanistic fits, Frank et al. report values for (4a) and (4b) between 10001T11500 K as: 
h a  = 4.32 x 10-1 exp(-3080 K/T) and b b  = 4.98 x 10-1 exp(4520 K/T) cm3 molecule-l 
s-1. At 1000 K, our b a  is only 43% higher, and at 1400 K, the two equations give 
identical values. The comparison for b b  is also good. At 1000 K, our h b  is 2.3 times 
higher, and the values from the two equations are identical at -1400 K. Within these limits 
we then agree with Frank et al. But, their values extrapolated to 900 K give ( h a  + hb) = 
1.7 x 10-l2 cm3 molecule-1 s-1 which disagrees with direct flow tube values of -(8 f 2) x 
10-12 cm3 molecule-1 s-1 (7.6 Torr He, -700-900 K by Tranter et al. 1996). Our values 
show less T-dependence and give (ha + h b )  = 3.4 x 10-l2 cm3 molecule-1 s-1 at 900 K. 
Hence, there is a factor of -2 difference between the flow tube measurements, based on $ 
depletion, and the sum of the two atomic product channels. Below we show the RRKM 
description of @ + 0 2  and the RRKM extrapolation that reconciles all existing data sets. 

Theory: Yu & Lin (1994) have already formulated an RRKM description for this 
chemical activation system, and they have rationalized not only their high P and low T data 
but also the shock tube data of Frank et al. (1994). We agree that their low T values are L. 
But, here and in Frank et al., stabilization is not indicated, and we have theoretically 
justified this claim using molecular models adopted by Yu and Lin. However, for the 
intermediate T (-800 K) flow tube work, the Yu & Lin models suggest less stabilization 
than apparently measured. Also, our work suggests less T-dependence in h a  and b b  
than Frank et al. Hence, to rationalize this system, we have carried out our own RRKM 
calculations. The results are shown in Fig. 1, and the methods used are described below. 
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Fig. 1. 2nd-order Arrhenius plot for (I + 02. (0) - 
experiments of Yu & Lin (1994). Solid lines are 
RRKM calculations described in the text. k,t& is 
the stabilization rate constant at P = 40 Torr Kr 
and 2861T12000 K. Other k's defined in the text. 

Use of the Yu & Lin (1994) $-O$ transition state (TS) without a steric factor, S, 
gives a prediction for k, that is -5 times too large, necessitating inclusion of S = 0.2 (no T 
dependence). This reproduces their low T values (<Is&- = 1.58 x cm3 molecule-l 
s-1). Considering the reverse processes, Lin & Mebel (1995) have recently published 
updated ab initio TS's for (4a) and (4b) that supersede those from Yu and Lin, and, with 
these two new TS's and the original Yu & Lin $-021, three channel RRKM calculations 
including stabilization were performed with their assumed <AE>a11 = -350 cm-l (i. e., 
&>down = 870 cm-l). Yu & Lin give Eo values of 40.0,32.5, and -30.5 kcal mole-l for 
$ 0 2  dissociation to $ + 02,$0  + 0, and C6H402 + H, respectively, and we also carried 
out calculations by allowing the Eo's for the three dissociation processes to be parameters. 
We found that if (4a) and (4b) were exothermic, as these estimates suggest, then both 
processes were predicted to have negative T-dependences in contrast to the present results. 

To reconcile the Yu & Lin, the Tranter et al., and the present data for both product 
channels, we had to modify the Lin & Mebel TS's (1st: for (4a) and (4b), v's at 97 cm-1 
and 108 cm-1 were replaced by 1-D free rotors with moments, 153.4 x 10-40 and 160.5 x 
10-40 g cm2, respectively. 2nd: for (4a), v's at 181(2), 348, 481(4), and 873(12) are 
changed to 164(2), 285,410(4), and 741(12), with all other frequencies the same. 3rd: for 
(4b), v's at 231,322,461,461(3), and 753(10) are changed to 178,255,410,455(3), and 
687( lo), with all other frequencies the same). In disagreement with Yu & Lin, we have to 
conclude that all three processes are isoergic at 43.4 kcal mole-1 above ground state $02. 
This gives the mild and almost equal T-dependence observed for (4a) and (4b), and it is 
solely caused by competition with stabilization. Also, the observed branching ratio is an 
entropy effect reflecting loose, (4a), versus tight, (4b), TS's. Accepting that AfHOK(4) = 
84.3 kcd mole-l (Davico et al. 1995), AfHoK's for $ 0 2  and $0 can be evaluated (using 



Chase et al. (1985), the present conclusions, and the assumption that barriers for 0 2  
addition to $ and 0 addition to $0 (4a) ,  are both zero) as 40.9 and 25.3 kcal mole-l, 
respectively. The ab initio results of Lin & Mebel suggest a high barrier for H + C6-02, 
(4b) ,  thereby precluding any estimate for C6H4O2. 

The results of the calculations with 40 Torr Kr as the diluent are shown in Fig. 1. 
In agreement with Yu & Lin (1994), the low T values are L. With shock tube conditions, 
stabilization contributes -5% at 1400 K and -25% at 1050 K. Since we found that 
stabilization was unnecessary in the Table 1 mechanism, our theory probably overestimates 
the importance of this process. Lastly, in agreement with Tranter et al. (1996), our 
calculations at 787 K with 7.5 Torr He, give k = 8 x 10-12 cm3 molecule-1 s-1; however, 
we predict -60% stabilization, implying that 40% of the reaction should give the atomic 
and molecular products in (4a) and (4b). Hence, a substantial fraction of $ in the flow tube 
experiment should be destroyed yielding identifiable products. 

This work was supported by the U. S .  Department of Energy, Office of Basic 
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