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The absolute rate constants for thgHg+ CgHs and GDe reactions have been measured by cavity ringdown

spectrometry at temperatures between 298

and 495 K at a constant 40 Torr Ar pressure. The new results,

which reveal no detectable kinetic isotope effect, can be represented by the Arrhenius ekyuatitf:!9013)
exp[—(21024+ 106)/T] cm3/(mol s). Our low-temperature data for the addition/stabilization process; €

CeHs — Ci2Hi1, can be correlated with those obtained in a low-pressure, high-temperature Knudsen cell
study for the addition/displacement reactiogHg + CsHes — Ci2H1o + H, by the RRKM theory using the

molecular and transition-state parameters co

mputed at the B3LYP/6-311G(d,p) level of theory. Combination

of these two sets of data givis= 1011-980.03) exp[— (21684 34)/T] cm3/(mol s) covering the temperature
range 298-1330 K. The RRKM theory also correlates satisfactorily the forward reaction data with the high-

temperature shock-tube result for the reverse

H-fg¢sGubstitution process with 2.7 and 4.7 kcal/mol barriers

for the entrance (6Hs + CesHe) and reverse (H- Cy:Hio) reactions, respectively. For modeling applications,

we have calculated the forward reaction rate

constants for the formation of the two competing prodticts, H

Ci2Hip and GoHyy, at several pressures covering 300<KT < 2500 K.

|. Introduction

The reaction of phenyl radical with benzene is of great
importance to incipient soot formation chemistry and to the
combustion of lead-free gasoline in which small aromatic
hydrocarbons are key ingredients providing high-octane values.
The kinetics of this reaction was first studied by Stein and co-
workers-2 using a low-pressure Knudsen cethass spectro-
metric technique in the temperature range 100830 K by
monitoring the formation of biphenyl,

CeHs + CeHg — CiHyp + H (1)
They reported the expressida = 3 x 10'2 exp(—43001) cm?/
(mol s), assuming the rate constant for the recombination
reaction of phenyl radicals,

CeHs + CgHs — Cp.Hy (2)

to bek, = 3 x 10" cm¥/(mol s). Combination of their high-
temperature, low-pressure data with that determined at room
temperature in solution by Scaiano and Stetvgave rise to
the approximate expression,= 4 x 10 exp(—2000M) cm?/
(mol s). A comparison of this and other data estimated earlier
by kinetic modeling will be made later.

Recently, Manion and Tsafgneasured the rate constant for
the reverse process,

H 4 CpH 0= CeHs + CoHg (-1
in a single-pulsed shock tube usingtH1,3,5-(CH)3CsHs as a
reference reaction with hexamethyl ethane as the H atom sourc
in the temperature range 1018135 K at pressures near 2 atm.
This high-pressure, high-temperature result, iith = 4.1 x

T Deceased.
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108 exp(—44181) cm®/(mol s), is reported to be consistent with
Fahr and Stein’s low-pressure Knudsen cell data mentioned
above.

The GHs + CgHg reaction is believed to take place by an
addition/elimination mechanism via the £, (phenyl cyclo-
hexadienyl radical) intermediate for both forward and reverse
processes:® In view of the expected strorig, T effects on the
stabilization vs decomposition of the excited intermediate under
combustion conditions, because of the low stability of the
cyclohexadienyl adduétye have carried out a theoretical study
of the reaction using the combination of a hybrid density
functional theory and the statistical RicRamspergerKasset-
Marcus (RRKM) theory calculations to correlate our low-
temperature kinetic result, measured by the sensitive cavity
ringdown techniqué; ! with the aforementioned high-temper-
ature data. The results of our experimental and theoretical studies
covering a wide range d?,T conditions are presented in this
article for combustion modeling applications.

[l. Experimental Method

The cavity ringdown kinetic spectrometry (CRDS) technique
has been described in detail elsewheré.For GsHs radical
reactions, we have previously presented our reactor configura-
tion, flow conditions, and radical detectivity in ref 9.

All experiments were performed under slow-flow conditions
using Ar as the carrier gas to provide a total pressure of 40
Torr. The flow reactor consists of a heatable Pyrex glass tube
attached with two pairs of laser windows opposite to each other,
permitting the two-split photolysis laser beams to cross at the
center of the reactor at a 3@angle. The reactor was vacuum-

sealed at the ends with a pair of highly reflective mirrdRs<

0.9999 at 500 nm, radius curvature 6 m), which form a high
quality optical cavity, approximately 0.5 min length. The quality
of the cavity is such that a pulse of probing dye laser operating
at 500 nm with fwhm=10 ns can be lengthened to about 20
us, providing an effective optical path of 6 10° m.
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Two pulsed lasers were employed, one for the generation of 9.5 — — T
the GHs radical and the other for its detection. For radical -
generation, we employed a Lambda Physik LPX 100 excimer 9.4
laser at 248 nm with gHsNO as the precursor. For the probing
of the GHs radical at 504.8 nm a Lambda Physik excimer laser 93
pumped tunable dye laser was used. The photoelectric signal _»
from the PMT was amplified with a fast preamplifier (SR445) :.U 92
and acquired and averaged with a multichannel digital oscil- =
loscope (LeCroy 9310 M). The averaged signal was stored in a E 91
computer for future data analysis. A pulse-delay generator (SR
DG 535) interfaced with the computer was employed to control 90
the firing of the two lasers as well as the triggering of the data ’
acquisition system.
The CRDS method measures the decay times of the injected 89
probing photons in the absenct)(and the presencey) of | . L
absorbing species. These photon decay times can be related to 8'80_0 o 04 0.6 0.8 1.0 12
the concentration of the species at tithafter its generation t' (msec)

b1l
by the equatiofr Figure 1. Typical pseudo-first-order decay plots ofHz measured

et under various conditions at 495 KOJ [CeHe] = 0; (a) [CeHe] =

1h, = 1/ + B[A] € “ (1a) 0.24 Torr; ) [CeHe] = 0.63 Torr. H{Carid (@) [Coftd
or of the H atom, respectively. The B3LYP method utilizes Becke’s
three-parameter nonlocal exchange functi&haith the non-
local correlation function of Lee, Yang, and P&tiThe B3LYP
method is known to be reliable for prediction of molecular
structures and their vibrational frequencies (which require no
scaling to match experimental valué$).

Because of the large molecular size involved in the present
system, we used the moderate Gaussian basis set, 6-31&(d,p),
for initial geometry optimization and transition-state search. The
calculation was repeated with a larger 6-311G(d,pasis set.
The result of these calculations will be discussed in the following
section.

The observed kinetic data, including those obtained in earlier
studies as reviewed in the Introduction, will be interpreted and
correlated with the standard RRKM theory involving a single
long-lived intermediaté—18 based on the result of the quantum
chemical calculation mentioned above.

In(Lk, — 1% = C — Kt (Ib)

where ], is the initial concentration of the radical species of
interest, GHs, B is a constant which contains experimental
parameters such as the cavity length (50 cm), the refractive index
of the absorbing medium, etc., atd= In(B[A]o). Equation la
or Ib is valid provided that the decay time of the species of
interest is much longer than that of photons within the cavity.
This condition can be readily met because the chemical decay
time, typically in the range of several tens of milliseconds, can
be controlled by the concentration of the molecular reagent.
The slopes of the In(1/ — 1/2) vst' plots for the reaction of
CeHs with CgHg yield the pseudo-first-order rate coefficients,
k', for the decay of gHs in the presence of known, excesgHg
concentrations as specified. A standard plotkofrs reagent
concentration gives the averaged second-order rate cokStant
from its slope according to the relationship IV. Results and Discussion
k=K +K/X] Q) Experimental Results. A typical set of pseudo-first-order
plots, In(1f. — 1/t§) vs time, for the GHs reaction with GHg
is presented in Figure 1. The slopes of these plots give the
apparent first-order decay constarnky for the specific con-
centrations of the molecular reactant present in the system.

wherek® is the radical decay constant in the absence of the
molecular reactant X due to the loss of the radical by diffusion
away from the probing beam and recombination reactions (e.g.,
C6H5 4+ NO and QH5 + C6H5). Fi : .
; . gure 2 illustrates the dependencekobn GsHg concentration

CBHSNQ and QH6 were obtained from Aldrich. 6H5NO_ was as depicted by eq Il. From the slope of the second-order plot
recrystallized using ethanol as solvent and vacuum-dried before]cor each temperature, we obtain the total bimolecular rate
use, and @Hg was purified by standard trap-to-trap distillation. constant for the reacéion ¢85 + CeHs — products, ki =
Ar carrier gas (Specialty Gases, 99.995%) was used without 1011L92:0.13) exp[— (2102 + ’106)11'] cm3/(mol s) '

further purification. Table 1 summarizes the bimolecular rate constants obtained

by CRDS, and the result revealed no detectable kinetic isotope
effect on the measured rate constants. These results are
As the abstraction reaction does not transform the reactantsgraphically presented in Figure 3 together with Fahr and Stein’s
in the present case, the only mechanism, which leads to thelow-pressure dath? These data were re-evaluated by using our
formation of biphenyl, takes place by the following addition reported GHs recombination rate constaki = 1.39 x 1013
elimination process: exp(=55/T) cm®/(mol s)° A weighted least-squares analy8is

including these two sets of data gave rise to
CeHs + CgHg = C,Hy = CH g+ H  (1,-1)

I1l. Theoretical Calculations

To confirm the mechanism, we have employed a hybrid density K1 = 104193099 exp[—(2168+ 34)/T] cm’/(mol s) (IV)
functional theory, B3LYP, to calculate the relative energy of

the adduct, as well as those of the two transition states, TS1The validity of this analysis is discussed below. Also included
and TS2, associated with the initial addition and the elimination in Figure 3 is the room-temperature result of Scaiano and
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65() [ttt —— —— TABLE 2: Molecular and Transition-State Parameters of
| ] the Reactants, Products, and Transition States of the s +
600 4 Ce¢Hg = C1oHyp + H Reaction, Calculated at the B3LYP/
I 6-311G(d,p) Level
550 . li
species(1074°g cnv¥) vj (cm™)

. T CeHs 134.3 400, 426, 602, 620, 673, 721, 812, 892, 964,
=4 I 298K 150.3 989, 993, 1017, 1050, 1073, 1175, 1176,
450 Lo 1 284.6 1302, 1324, 1463, 1471, 1576, 1630,

1 3156, 3162, 3174, 3177, 3188
400 E CeHe 148.0 412,412,623, 623, 687, 723, 861, 861, 980,
E 148.0 980, 1014, 1015, 1024, 1061, 1061, 1175,
350 4 296.1 1198, 1198, 1336, 1382, 1513, 1513, 1638,
] 1638, 3156, 3166, 3166, 3181, 3181, 3192
300 i Ci2H10 294.6 66, 95, 127, 269, 313, 369, 414, 420, 504,
] 1549.1 559, 627, 629, 641, 714, 717, 756, 757, 798,
ol e 17725 857, 858, 924, 942, 981, 983, 1002, 1002,
00 02 04 06 08 10 12 14 16 18 20 1012, 1018, 1026, 1054, 1067, 1102, 1107,
1182, 1183, 1203, 1210, 1298, 1303, 1327,
[CsH] (Torr) 1355, 1359, 1462, 1490, 1516, 1538, 1610,
Figure 2. k' vs [GeHg] for the GiHs + CsHs reaction measured at the :13252 éi;‘g %ig? gigi gigg gigi 3168,
specified temperatures. CiH1 3448  26(a), 63,107, 232, 275, 305, 405, 415, 498,
TABLE 1: Measured Bimolecular Rate Constants of GHs igéi'z ?gi’ ggg' gg?’ ggi’ gg?’ 825’ g%z’ ;ég’ ggg’
Reactions with GHs and CeDe® 997, 1001, 1018, 1024, 1051, 1101, 1115,
reactant T(K) [RH](108mol/cm®)  ky (cmf molts )P 1174, 1181, 1191, 1202, 1204, 1230, 1289,
1339, 1347, 1360, 1398, 1450, 1483, 1524,
gz:e ggg gggg (5.70+ 3.79) x 107 1539, 1598, 1626, 1642, 2898, 3152, 3153,
N . (1.27+£0.48) x 10°
CDs 333 0-4.42 (1.54+ 0.85)x 10° gigg' 2%8411' 3170, 3173, 3174, 3178,
gz:z ggg ggiﬁ Egg& cl)%gi i?; TS1 388.0 329ij, 13(a), 63, 64, 144, 155, 366, 398, 412,
CeHe 411 0-3.56 (5.06+ 1.60) x 10° 1571.9 443,567, 613, 616, 616, 682, 692, 721, 728,
CeDe 426 0-3.16 (6.12+ 1.62) % 10° 1660.6 834, 839, 866, 898, 900, 965, 976, 986, 989,
CeHs 495 0-2.05 (1.03£ 0.31) x 1010 994, 1007, 1019, 1033, 1044, 1051, 1059,
1080, 1171, 1176, 1178, 1183, 1195, 1319,
a All experiments were carried out with a total pressure of 40 Torr 1324, 1325, 1375, 1464, 1477, 1491, 1501,
using Ar as the carrier ga8The uncertainties represent,levaluated 1583, 1585, 1606, 1627, 3141, 3153, 3157,
by weighted least-squares analysis, convoluting the errors from the 3161, 3165, 3165, 3169, 3181, 3183,
determination ok’ andk''. 3184, 3192
TS2 305.7 947i, 61, 98, 123, 255, 306, 364, 400, 417,
12.0 — 77— T T 7 T 1557.4 458, 512, 552, 569, 625, 635, 639, 697, 714,
r 1765.8 743,769, 799, 843, 854, 920, 936, 979, 981,
11.5F E 998, 1001, 1002, 1017, 1024, 1046, 1062,
3 4 1100, 1108, 1179, 1182, 1201, 1207, 1284,
11.0}F 4 1288, 1323, 1353, 1355, 1459, 1487, 1503,
L 1530, 1586, 1621, 1625, 1644, 3160, 3162,
~ 105k _ 3166, 3169, 3176, 3181, 3183, 3187,
—‘:B | 3191, 3193
£ 100t - aThese modes are treated as free internal rotors with the reduced
F 1 moment of inertia, 25.16 for H1; and 27.46 for TS1 in units of 1@°
951 - g cn?.
9.0 8 reverse rate constants measured under varyjRgconditions
I according to the following scheme:
8.5 .
r 1 a b
P . . e CeHs + CeHe =2 CiHy," == CiHy o+ H  (1,-1)
00 05 10 15 20 25 30 35 40

1000/T = CiHy (+ M)
Figure 3. Arrhenius plot for GHs + CsHs (O) and GDs (®): (O)
and @), ref 1 and ref 2 (both data were rescaled using our phenyl where “#” represents internal excitation and M denotes a third
r_ac_jical_ recomb_inat'ion data (ref 191, ref 3. Solid line, Ieast-square_s body (i.e., a molecular quencher). Figure 4 presents the geom-
frgtflq_g(II(n iozqglq?gl'?gxw'(ﬂ]zgé’g’%rgr?g?:qeoc:_?zt_al‘)o‘( ref 1, dashed line, qtries of all molecular species, the radical adduct, and the
' P ' transition states involved in the reaction calculated at the
B3LYP/6-311G(d,p) level of theory. The potential energy curve
Stewart? (4.5 £ 0.3) x 10° cm®/(mol s), which agrees with  of the system predicted at the B3LYP/6-311G(d,p) level of
our value within the cited experimental errors (see Table 1). theory is shown by the dashed curve in Figure 5. The molecular
RRKM Calculations. We have performed RRKM calcula-  parameters for the reactants, the adduct, and the bipheny product
tions for the formation and decomposition of the excited phenyl are summarized in Table 2; these parameters will be used in
cyclohexadienyl adduct, ¢H;1", to correlate the forward and  the RRKM calculations discussed below.
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CeHs (Czy)

CizHyo (Dy); B(C*-CP-C°-CY) = 40.5

TS2 (Cy), B(C-CP-C°-C%) = 51.4, B(C*-CP-C°-H®) = -49.4, P(CP-C°-C*-C) = -168.5

Figure 4. Molecular and transition state geometries, optimized at the B3LYP/6-311G(d,p) level of theory. Bond lengths are in angstroms and
angles in degrees. All €H bond lengths are 1.084 A unless otherwise noted.

In view of the fact that the hybrid density functional theory The latter obtained with the larger basis set agrees exactly with
predicts reaction energies with only semiquantitative relialdifity, the experimental valdé extrapolated to 0 K. With the same
particularly for the large systems such as the present one, webigger basis set, the isodesmic calculation using reaction 3
have carried out isodesmic calculations for biphenyl and the predicts the relative energy of the adduct to th#l£+ CeHg

Ci2H;; adduct using the following two reactions: reactants,—22.6 kcal/mol, which is more stable than those
predicted by B3LYP/6-31G(d,p) and 6-311G(d,p)19.3 and

CeHsCoH; + CgHg = C Hyp + CH, 2 —17. 3 kcal/mol, respectively, as given in Table 3. For RRKM
CyHyo+ CH, = CHy, + CHy 3) calculations, the isodesmic results forB11 (—22.6 kcal/mol)

and for the overall exothermicity of reaction 4.5 kcal/mol)

Reaction 2 is employed to test the reliability of the scheme, Were used.

while reaction 3 is utilized to evaluate the heat of formation of =~ The RRKM calculations were carried out with our existing
the adduct using that of¢8; (cyclohexadienyl radical) predicted = computer programs formerly employed for interpretation of the
by the G2M method. The heats of formation of molecular CHsz + O, CH + Ny,” and H+ N,O'8 reactions. For the

species used in the two isodesmic reactions are krfdwheir former two reactions, coupled reaction channels were solved
values, correctetO K using the molecular parameters given by the standard steady-state treatment, whereas for the latter
in Table 2, are listed in the footnote of Table 3. process, the master equation coupling the entrance and exit

The predicted heats of formation of biphenyl and the radical channels with tunneling corrections was solved by a matrix
adduct presented in Table 3 were based on the energiesmethod!® Both programs were employed to test the effect of
computed at the B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) quantum mechanical tunneling on the production efHzo +
levels. For biphenyl, the isodesmic calculations with the two H. The effect was found to be negligible because of the relatively
different basis sets give 46.0 and 50.2 kcal/mol, respectively. low exit barrier comparing with the entrance one (vide infra).
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S

E (kcal/mol)

CioHy
-17.27

-22.6

Figure 5. Calculated and fitted potential energy profiles based on the
calculation at the B3LYP/6-311G(d,p) level for thgeHg + CsHe —
CioHyp — CioHip + H reaction.

TABLE 3: Thermochemistry of the C¢Hs + CgHg = Ci2H10
+ H Reactior

AHP®  AH® (CioHig)  AHf® (CiaHig)?
experiment —6.49 50.18
B3LYP/6-31G(d,p) -0.70 —19.32
B3LYP/6-311G(d,p) 0.94 —17.27
isodesmic (1) 6-31G(d,p) 45.96
(1) 6-311G(d,p) 50.22 —22.59

a All energies are given in kcal/mol. BhO K heats of formation
used in the isodesmic calculations are;HG 14.6; GHe, 24.0;
CeHsCoHs, 39.2; GH7, 55.4. The source references are cited in the text.
b Relative to the gHs + CgHs reactants.

On account of the lack of reliability in the predicted reaction

energies at the present level of theory, the energy barriers forH

the forward addition (gHs + CsHs), Es°, and the reverse
addition (H+ Ci2Hig), E-p°, were adjusted to fit the experi-
mental values ok; andk-,. For the evaluation dEz°, our low-

temperature (298498 K), high-pressurlk, data provide a direct

Park et al.
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Figure 6. Comparison of the experimental and theoretically predicted
results for GHs + CgHs < Ci2Hio + H in the forward and reverse
directions. (&) 1kiot (inf); 2, ke, (40 Torr); 3,Kephy0t+ (40 Torr); 4,
Keita, (10 mTorr); 5.kepmi0tH (10 mTorr); 6, ref 22; 7, ref 23. All data
points are given in Figure 3. (b) kg, 2, Kegrsrcers (2 atm); 3,Kephyy

(2 atm); ©) ref 4; @) ref 24; (») ref 25.

endothermicity for the reaction-6.5 kcal/mol). By fitting both
Fahr and Stein’s data for biphenyl formation frorgHg + CsHs

and Manion and Tsang’s results for benzene production from
+ Ci2H10, we obtainedE_,° = 4.7 kcal/mol. The calculated
rate constants using the modified PES shown in Figure 5 by
the solid curve are presented in Figure 6a for the forward process
and Figure 6b for the reverse process, for comparison with
experimental data determined under different conditions. In these

determination of the barrier, because the rate constants ardi9Ures, we also include other data obtained indirectly by either

effectively in theP-independent region. As illustrated in Figure
6a, our 40 Torr experimental data agree exactly with the Righ-
curve at temperature below 500 K. Under our conditions,

kinetic modeling or thermochemical estimation for the sake of
completeness.

As shown in Figure 6, the high-temperature experimental data

reaction 1 produces exclusively the thermalized adduct by determined directly for the forwakd and reverstreactions can

collisional deactivation. The value of the entrance barrier, which
fits most satisfactorily the §s decay rate constants measured
by CRDS, isEy 2.7 kcal/mol. The dominance of the
addition—stabilization mechanism under our experimental con-
ditions explains the absence of kinetic isotope effect in %i&sC
reaction.

On the other hand, under the high-temperature (+&B30
K) and low-pressure (210 mTorr) conditions employed by Fahr
and Stein in their Knudsen cell stuéiythe reaction takes place
exclusively by H-displacement via (1b); its rate constant is not
only affected byEy* but also byE_,° which influences the rates
of both the forward H atom elimination (1b) and the competitive
redissociation{1a). Similarly, for the overall reverse process,
H + CioHio — CeHs + CeHe (—1), the rate constant reported
by Manion and Tsarfgvas found to be pressure dependent and
influenced strongly by botk—,° andE,> on account of the large

be reasonably correlated with our low-temperature results by
the RRKM theory, using the molecular parameters (i.e., mo-
ments of inertia and vibrational frequencies) and the energy of
the adduct afforded by quantum calculations. For the reverse
H + Ci2H1o reaction, the overall barrier for the production of
CgHs, is 6.5+ 2.7 = 9.2 kcal/mol; it is close to Manion and
Tsang’s apparent activation energy, 8.8 kcal/mol, measured near
1000 K at about 2 atm pressutender their experimental
conditions, the stabilization of the excitedH11 adduct and
the production of benzene are competitive. Accordingly, the
radical adduct may participate in other reactions, such as the
scavenging of H atoms by the processtHC;,H1; — Hz +
Ci2H10.

The forward and reverse addition barrideg, = 2.7 ande_y°
= 4.7 kcal/mol, appear to be reasonable. For thids@&ddition
process, we have measured by CRDS the activation energies
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TABLE 4: Effects of Temperature and Pressure on the Rate Constaritfor the C¢Hs + C¢Hg Reactior?

k1b klc klb klc klb klc klb klc k1b klc
T(K) 10mTorr 10 mTorr 40 Torr 40 Torr 1 atm 1 atm 2 atm 2 atm 10 atm 10 atm

300 4.79x 10® 2.14x 1C° 1.27x 10° 7.59x 10° 6.69x 10®° 7.59x 10®° 3.35x 10° 7.59x 10®° 6.69x 10? 7.59x 10°
500 6.93x 10° 1.20x 1C® 1.60x 10® 1.05x 10° 9.76x 10° 1.08x 100 4.90x 10° 1.08x 10° 9.82x 10° 1.08x 101
700 2.04x 10*° 1.01x 10" 7.83x 10° 2.60x 10 1.30x 10° 4.24x 10° 7.29x 10° 4.40x 10°° 1.66x 10° 4.55x 10
1000 5.51x 10 1.23x 10° 5.37x 100 3.70x 10° 4.34x 10*° 3.36x 100 3.81x 10*° 5.00x 100 2.26x 10*° 1.00x 10
1500 8.43x 109 1.27x 10 8.43x 10 509x 10° 8.43x 10 9.70x 10° 8.43x 10 1.93x 10’ 8.43x 10 9.64x 107
2000 8.01x 10° 1.37x10*% 8.01x 10° 5.46x 10° 8.01x 10° 1.04x 1(* 8.01x 10° 2.07x 1(* 8.01x 10° 1.04x 1C®
2500 1.62x 1@ 6.20x 1010 1.62x 10° 2.49x 105 1.62x 10° 4.73x10* 1.62x 10° 9.46x 10* 1.62x 10° 4.73x 103

21n units of cn¥/(mol s). ki andk;c represent the formation of1@10 + H and G2Hij, respectively.

for the reactions with €4,%% and GH4?7, 3.1 and 4.5 kcal/mol,  Energy, under Contract DE-FG02-97-ER14784. We are also
respectively. They are comparable with the 4.0 kcal/mol value thankful to Dr. W. H. Kirchhoff for providing us NERSC CPU
for the GHg reaction. For the H+ Ci5Hj0 addition process, time for the quantum chemical calculations.

the value ofE_° is about half that of H+ CgHs,6 8.9 kcal/
mol. This large difference in the addition barriers may be
attributed in part to the large activation energy needed to (1) Fahr, A; Stein, S. E22nd Symposium (International) on Combus-

liration i ; tion; The Combustion Institute: Pittsburgh, PA, 1989; p 1023.
overcome the resonance stabilization gHegand in part to the 2) Fahr, A: Mallard, W. G.: Stein, S. R15t Symposium (Interna-

retention of some resonance energy it across the two  ionalj on CombustionThe Combustion Institute: Pittsburgh, PA, 1988; p
m-systems (i.e., the two Jings). 825. _
For practical kinetic modeling, we have calculated the rate  (3) Scaiano, J. C.; Stewart, L. . Am. Chem. S0d.983 105, 3609.

. . (4) Manion, J. A.; Tsang, W. Proceedings of Chemical and Physical
constants for the two branching reactions, (1b) and (1c), at Processes in Combustion; 1996 Fall Technical Meeting, p 527.
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