J. Phys. Chem. A998,102,35373555 3537
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Reaction pathways and kinetics for cyclopentadienyl radical association with H, OW,{@nd Q are
presented in the temperature range-90800 K and atmospheric pressure. Thermochemical data for reactants,
intermediate, and product species are evaluated from literature data and from group additivity with hydrogen
bond increments. High-pressure limit rate constants for the radical combination reactions and decomposition
of the energized adducts are estimated. Pressure-dependent rate constants for each channel in the reaction
systems are calculated using bimolecular quantum Rice Ramsperger Kassel, QRRE) ¥ath a modified

strong collision approach for falloff. A submechanism of important cyclopentadienyl radical reactions is
assembled and tested in an elementary reaction model for combustion of benzene, where the cyclopentadienyl
radical is a key intermediate in the stepwise (E&€5— C4) decomposition. Modeling results are compared

with limited literature data on species profiles for appropriate reaction systems, where benzene, cyclopentadiene,
and carbon monoxide are the initial fuel, observed intermediate, and major combustion product, respectively.
H atom association with cyclopentadienyl radical (CY13BD#ads to stabilized cyclopentadiene (CY13PD)

as the primary product, with linear pentadienal diradical as a minor product. The hydroxyl association with
cyclopentadienyl radical forms an energized adduct, which primarily rearranges to cyclopentadienol isomers,
which are stabilized. € association with cyclopentadienyl radical leads to two main product sets:
cyclopentadienone plus H atom or 1,3-butadienyl radical plus carbon monoxide. Hydroperoxy radical
combination with cyclopentadienyl radical forms an energized hydroperoyxglopentadiene, which can
dissociate to lower energy products cyclopentenoxy radical plus OH, to cyclopentadiertés@, or back

to the initial reactants. Oxygen molecule addition to cyclopentadienyl radical forms an energized
cyclopentadiene peroxy radical with a very shallow well (ca. 13 kcal/mol), which predominantly dissociates
back to reactants. A small, but important, fraction of the energized peroxy adduct undergoes reactions that
lead to ring-opening with formation of resonance-stabilized 2-pentenedialdehyde radical or vinyl ketene and
formyl radical. These reactions provide paths for cyclopentadienyl radical conversion to linear, unsaturated,

oxyhydrocarbons.

Introduction 5

(o] -0 .
| _
The use and importance of aromatic compounds in fuels @
contrasts sharply with the limited elementary reaction kinetic - ) " - +Co

data in the literature regarding their combustion kinetics and
reaction pathways. A number of experimental and modeling

;tud|e§ on benzeﬁef toluene7,'_8 and phendl oxidation exist the cyclic CO-C bond and eliminates carbon monoxide to form
in the literature, but it would still be helpful to have more data ¢ resonance-stabilized cyclopentadienyl radical (see Figure 1).
on species concentration profiles, to understand or evaluate p; higher temperatures this unimolecular €6C5 degrada-
important reaction paths and to validate detailed mechanisms.tion of the stabilized phenoxy radical is the dominant reaction
The above studies show that phenoxy radical is a key intermedi- yath.
ate in the gas-phase thermal oxidation of aromatics; it is easily  venkat et a” published a general reaction scheme for high-
formed via abstraction of the weak phenolic hydrogen atom from temperature oxidation of aromatic hydrocarbons that included
phenol. The phenol is formed by rapid addition of hydroxyl to  cyclopentadienyl radical. They postulate that benzene decom-
the aromatic carbons and elimination of H atétwhich occurs poses through the sequence
even under atmospheric conditions. Work from the MaEkie
and Louw? research groups has also shown that phenoxy radical C6= (phenoxy)— C5 (cyclopentadienyh~
is an important intermediate in pyrolysis and oxidation of anisole (+02)— O + cyclic C5H50
and probably in other phenyl ethers. The thermal decomposition
of phenoxy-%13-16 shows an interesting mechanism in which and
the bicyclo[3,1,0]hexenone radical is formed and then breaks

cyclic C5H50 =

* Corresponding author. (973)59@459. E-mail: bozzelli@tesla.njit.edu. linear butadienyl radical (€C—C=C") + CO

Figure 1. Phenoxy radical degradation reaction pathway.
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TABLE 1. Thermochemical Data

SPECIES Hp(298) S(298) Cp300 Cp400 Cp500 Cp600 Cp800 Cpl000 Cp1500 Cy2000 ELEMENTS
H20 -57.80 4372 817 888 956 1020 1130 12.10 1298 1337 H201 o
co -26.40 4720 671 6.89 706 723 753 779 829 861 cCiol o
HCO 1040 53.60 837 885 932 978 1065 1142 1280 13.57 H1C 101
Cco2 -94.01 51.00 890 981 10.57 11.20 12.17 12.84 13.77 14.23 CcC102 o
CH20 -26.00 50.90 844 948 1051 11.50 1330 1475 1690 18.06 C 1H 20 1
CY13PD 31.26 65.50 1823 24.76 30.15 3459 41.25 4581 5250 5592 CS5Hé6 0
CY13PD5. 57.17 63.58 17.86 2430 29.47 33.58 3946 43.26 4868 51.33 CS5HSsS o0
*H 5210 2730 490 490 490 490 490 490 490 490 H1 0 o0
H2 000 3120 68 697 705 712 1727 741 769  7.87 H2 0 o
02 000 49.00 68 7.10 733 754 78% 8.18 870 9.03 02 0 o
CPDOOH 6.55 84.87 26.75 34.60 40.98 45.65 52.66 5734 63.76 66.88 C 5H 60 2
CPDOO. 42.65 83.00 2472 3179 37.50 41.63 4800 5236 5861 61.74 C 5SH 50 2
C502H6221 -3.17 8834 2127 29.69 3596 4202 5336 61.15 66.08 69.36 C 5H 60 2
C502H5221 2890 91.02 20.89 29.27 3537 41.06 5146 5835 65.85 67.55 C 5SH 50 2
BICYCS502 17.68 73.89 2431 32.52 39.23 4424 53.04 5935 66.00 69.19 C 5SH 60 2
BICYC5.02 49.75 75.19 23.93 32.10 3864 43.28 51.14 56.55 6177 64.27 C 5SH 50 2
CYC502H6 7.95 75.12 26.01 33.60 39.82 44.27 51.57 58.56 6520 68.64 C 5SH 60 2
CYC502HS5. 41.45 73.61 25.69 3292 3869 4270 49.29 5574 6095 63.73 C 5H 50 2
BOCSOH -31.21 7537 23.46 32.51 39.61 44.03 5171 56.58 63.71 67.21 C SH 60 2
BOCSO. 2075  73.72 21.52 30.43 3735 41.60 4895 53.50 5920 6255 C SH 50 2
C5H602_1 -28.47 8435 27.13 34.87 40.59 4471 5167 5629 63.18 66.53 C 5SH 60 2
C5H502_1 1443 86.10 2625 3331 3855 4230 4875 5299 5853 61.40 C 5SH 50 2
CODC=COH -48.89 89.64 2933 35.67 40.70 44.69 50.86 5529 61.89 65.26 C 5H 60 2
CO.DC=COH -17.99 9032 28.19 34.10 38.65 4220 47.65 51.51 5722 60.60 C 5H 50 2
CODC=CO. -12.99 8858 27.07 33.06 37.80 41.60 47.50 51.72 57.85 60.90 C 5H 50 2
C.O0C=CCCO -19.99 93.53 26.66 32.69 37.55 41.41 4743 5148 5737 60.24 C 5H 50 2
C=OCCKET -48.47 93.86 30.11 3575 40.87 4447 50.60 55.04 62.05 6535 C SH 60 2
C=OCCXKET -14.97 93.73 29.79 35.07 39.74 4290 4832 5222 5781 6049 C 5H 50 2
COC=CCCO -50.89 92.85 27.80 3426 39.60 43.90 50.64 5526 62.04 65.39 C 5SH 60 2
COC=CC.CO -17.39 92.72 27.48 33.58 38.47 4233 4836 52.44 58.06 60.72 C 5SH 50 2
COC=CCC.O -13.99 93.97 26.97 32.83 37.64 41.48 4748 51.53 5739 60.25 C 5H 50 2
C=CC.C=0 1545 7687 19.45 24.24 2846 31.96 3747 4138 4693 49.62 C 4H 50 1
C=CC=C=0 1.82 71.96 21.62 26.23 30.23 32.64 3620 39.20 4321 4524 C 4H 40 1
HO2 3.50 5470 828 878 926 971 1050 11.16 1224 1284 H102 0
*0 59.51 3840 5.00 5.00 5.00 500 500 500 5.00 5.00 o1 o0 o
CYCSH50. 4294 7273 20.60 27.20 32.60 3699 43.44 4773 53.79 56.74 C 5SH 50 1
CYPDONE 740 6671 19.50 25.73 30.87 3478 4031 4427 4940 5191 C 5H 40 1
COC=CC=C. 52.34 80.62 2636 32.27 36.63 39.87 44.67 4798 5296 55.52 C 5SH 50 1
C2H4 12.52  52.47 1027 1279 1501 1695 20.13 22.55 2634 2838 C2H 4 0
C=CC=0 <2032 67.39 17.01 2092 24.08 26.62 30.56 33.28 3742 3949 C 3H 40 1
C=CC.=0 10.58 68.07 15.87 1935 22.03 24.13 2735 29.50 3272 3432 C 3H 301
=C.C=0 36.58 68.54 16.52 19.93 2249 2450 27.60 29.70 3284 3439 C 3H 30 1
C.=CC=0 3878 69.24 17.44 20.69 23.13 25.03 2797 29.76 3254 34.03 C3H 301
C=CC=CCO -6.76 80.15 2593 32.50 37.58 41.46 4726 51.50 5762 60.73 C SH 60 1
C.OC=CC=C 24.14 7876 25.74 31.65 3599 39.25 4405 4761 5278 5543 C SH 50 1
C=CC=C 26.08 66.61 19.23 2425 2839 31.81 37.00 40.69 46.53 49.52 C4H 6 O
C=CC=C. 83.99 69.05 19.06 23.57 2722 30.15 3445 3738 42.05 4447 C4H 5 ©
CYC50DE. 8.80 66.44 21.34 2890 35.11 3940 4575 5131 56.02 58.40 C SH 501
BICYCSH60 7.93 6720 19.81 28.05 34.66 39.12 46.67 51.65 5876 62.26 C 5SH 60 1
BICYCSHSO 4143 6433 19.49 27.37 33.53 37.55 4439 4883 5400 57.08 C 5H 501
OH 9.50 4380 679 686 693 7.00 714 728 761 791 H1tOo1 o0
CYCSHSOH -9.02 7533 22.08 29.03 34.72 3934 46.15 5072 57.40 60.76 C SH 60 1
CYCSH40H 16.88 7523 21.69 2861 34.08 3838 4434 48.04 5324 55.89 C 5SH 501
CYPDIOH -12.20 75.68 21.87 28.72 3427 38.69 4542 5001 56.54 60.29 C SH 60 1
CYPDI1O. 23.70  74.57 20.53 26.73 31.79 3590 4229 4668 52.75 56.04 C 5SH 50 1
CYPD2OH -10.39 7727 21.57 2796 3333 37.77 4472 4935 56.07 60.48 C SH 60 1
CYPD20O. 2551 76.16 20.23 2597 30.85 3498 4159 46.02 5228 5591 C 5H 50 1
CYC503H61 -30.78 88.03 30.56 37.71 43.53 48.23 56.61 6249 6949 72.84 C 5SH 60 3
CYCSO3HS1 2.72 84.22 29.02 35.89 41.45 4591 53.86 5935 66.78 69.83 C 5H 50 3
LC503H62 -27.61 102.72 32.33 40.22 46.10 50.44 57.28 61.81 68.13 71.14 C 5SH 60 3
LCSO3HS2 9.29 103.84 31.50 38.79 44.14 4802 5412 58.08 63.44 6596 C 5H 50 3
LC503H61 -43.26 100.49 32.69 40.23 46.01 50.36 56.62 61.24 67.53 70.69 C SH 60 3
LC503H51 -7.16 100.71 30.64 37.39 4246 4627 5190 5627 6243 65.59 C 5SH 50 3
C=CC=CC 1821 76.57 2437 30.81 36.22 40.63 47.44 5271 60.57 64.70 CS5Hg§g8 0
C=CC=CC. 5431 76.19 23.75 30.25 35.44 39.51 45.60 50.25 57.08 60.34 C5H7 0
C=CC=CC. 11341 77.58 23.56 29.50 34.08 37.59 4278 46.76 52.55 5526 CS5H6 0
CYPD20OH 11.04 84.53 26.28 33.81 39.57 44.27 51.28 5590 62.58 6597 C SH 60 2
CYPD3OOH 12.85 86.12 2598 33.05 38.63 43.35 50.58 5524 62.09 65.58 C SH 60 2
COC=CKET -31.02 84.13 2843 3443 3929 4226 46.62 4994 5431 56.40 C 5H 40 2

Note : See QRRK Analysis input parameter table and reaction portential energy diagram for species ID.
Units; Enthalpy, Hy kcal/mol; Entropy; S and Cp(300) is heat capacity in cal/mol -K of 300 K

These were the only reactions used to describe the formationsky!8 recently reported a detailed analysis of cyclopentadienone
and oxidation of cyclopentadienyl radical. Wang and Brezin- (CsH4O) unimolecular dissociation, which we show is an
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BICYCS.02

important product in cyclopentadienyl radical oxidation, where
the products were determined to be resonance-stabilized cy-
clobutadienyl radicat+- CO.

Lovell et al! reported flow reactor data on benzene combus-
tion at three oxygen concentrations, corresponding to rich, lean,
and stoichiometric conditions; they showed initial oxygen

0=CC=CC=C-0. «» 0=C.C=CC=C-OH

13 -12

0=CC=CC=C=0 +H

/ 211

0=CC=C.C-C=0 C=CC.C=0+CO

CYC502HS.
49.8

b ‘
Dat> - QO v

concentration significantly affects fuel consumption rates along croco excotso TNy P
with formation of carbon monoxide and cyclopentadiene. They **  *7 1024 I 0=CC=006.=0
suggested that phenoxy degradation is major reaction path for 1 1 el 14
both carbon monoxide formation and benzene consumption. 0=C.C=06C=0 © 0=C0C.6=C=0
1 . . N P N 20 15
Lovell et al! also reported experimental data on perturbation ﬁ[:f’ - EZ P I/\? ~ o

of benzene oxidation by N(addition. The benzene oxidation conson
rate doubled in the presence of NCand they suggested 289 202 "
additional reaction pathways, including hydroxyl radical as- Figure 2. Reaction scheme of cyclopentadieny! radical with oxygen
sociation with cyclopentadienyl radical. molecule. 2,4-Cyclopentadienyl peroxy addition, then isomerization
A number of researchers have recently published benzene or(cyclidation) to both the 2 and 3 positions results in formation of
toluene oxidation models and have made modifications to betterStaPilized intermediates and identical final products. Major products
fit experimental data, but cyclopentadiene reactions were not are 2-pentenedialdehyde radicals and vinyl ketene plus formyl radical.
included in the modifications. Bittké&tpublished a mechanism N e
that was based upon previously published reaction paths for l :

Cs02Hs221 BOCS0. C=CC=C=0 + HCO

12.22

H(298) keajmol

ignition delay times plus benzene and toluene loss profiles.
Bittker employed a sensitivity code to determine the important

r &

CYCSHS0.

59.75 59.76

reactions and then optimized the fit to the data by adjusting |
rate constants. Davis et #lmodified the Brezinsky groups’
mechanism (phenol reactions) to better fit flame speed data.
Tan and Fran¥ published a benzene oxidation model and used
it for explanation of H and O atom production in their shock
tube data. Emdee et &.report an updated mechanism for
toluene oxidation based on Brezinsky’s mo#&l® They
indicated that the branching reactiogHgCH3; + O, — CgHs-

CH, + HO, was of major importance. In Emdee et &'s
toluene mechanism the reactions of resonance-stabilized benzyl
radical control the reaction at early times.

Zhang and Mckinnon et dlpublished an elementary reaction Figure 3. Potential energy diagram for cyclopentadienyl radical
model of high-temperature benzene combustion under fuel-rich association with oxygen molecule (channel I). The intermediates are
conditions, near sooting environment. They report that the flame cyclopentene-3,4-cycloperoxy-5-yl radical (BICYC®), 1,3-cyclop-
speeds for benzene could not be matched by their model ande"XYheptadiene-5-yl radical (CYC502jisand 2-pentenedialdehyde

. . - . radicals. Important products are vinyl keteneCC=C=0) plus
suggested that some important reaction paths may be MiSSiNG¢ormyl radical.
Shandross et dlreported data from molecular beam experiments
on benzene flames and showed that current models strongly e ama
overpredicted destruction of phenol at high temperatures.
Shandross et al. modified the phenol reaction chemistry of |
Emdee and Brezinsky, of Linstedt and SkeVind of Zhang

o/0
e
=, 45,05

CYCS02HS.
0=CC=CC=C=0+H

C=CC=C=0 + HCO

@ K
k3 k4

0~0« [} 72.65 ks

0
o
44.43

N
o

58.9

and Mckinnon to obtain improved results, but did not report on
data or analysis of cyclopentadienyl radical in their early
publication.

-
5717

CPDOO.

42,65

C5H502_1
28.75
C=CC=C=0 + HCO

18.7

Cyclopentadiene is also important in fulvene and naphthalene i S,
formation. Moskaleva et &f report the methyl radical associa- fo Q°
tion with cyclopentadienyl radical as a possible reaction pathway ° e
to benzene through fulvene. Melius ef?akhow cyclopenta-
dienyl radicals can combine to form nathphalene along with

fulvene and benzene in reactions catalyzed by H atom, underFigure 4. Potential energy diagram for cyclopentadienyl radical
“near sooting” conditions. association with oxygen molecule (channel Il). The intermediates are

. bicyclo[2.2.1.]hexene peroxy radical (C502H5221), cyclopenten-3,4-
The need to account for the presence of relatively large opoxy.5-oxy radical, (BOC5® 4,5-epoxy-2-pentenal-5-yl radical,
concentrations of cyclopentadienyl radicals became apparentcsH502 1), and 2-pentenedialdehyde radicals. Important products are
during our attempt to construct a mechanism comprising vinyl keténe (G=CC=C=O0) plus formyl radical.
elementary reactions to model benzene formation and loss and
for reconstruction of experimental observations in cyclopenta- radical, and it drives the equilibrium toward the cyclopentadienyl
diene, benzene, and toluene oxidation. Cyclopentadienyl radicalmoiety in these reversible reactions. The endothermicity and
is highly stabilized (ca. 20 kcal/mol¥,abstraction of H from resonance stabilization also explain the relatively low reactivity
stable species such ag,KiCHy, C:H4, C3Hes, CH0, phenol, and (with O, and other hydrocarbons) of this radical and, perhaps,
toluene by cyclopentadienyl radical is endothermic by-28 part of the octane blending values of aromatics. Cyclopenta-
kcal/mol, respectively. The endothermicity results from ca. 20 dienyl radical concentration builds up in aromatic oxidation
kcal/mol of resonant stabilization energy in the cyclopentadienyl systems, because of its low reactivity, and it then reacts with
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TABLE 2: Chemical Activition Analysis Input Parameters; Cyclopentadienyl Oxidation Reaction System (Channel 1); High

Pressure Limit Constants

Reactants Products A(s ! or cm’/(mol*s) n Ea. (Kcal/mol)
1 CY13PDS. + 02 CPDOO. 3.60E12 0.0 0.0
-1 CPDOO. CY13PD5.+02 4.03E13 0.0 12.26
2 CPDOO. BICYC5.02 1.93E13 0.0 17.64
-2 BICYC5.02 CPDOO. 6.71E14 0.0 10.0
3 CPDOO. CYPDONE + OH 3.61E12 0.0 373
4 BICYC5.02 CYC502Hs. 1.56E13 0.0 10.0
-4 CYC502HS. BICYC5.02 3.55E13 0.0 18.41
5 CYC502HS. COC=CC.CO 6.95E15 0.0 4.0
-5 COC=CC.CO CYC502Hs. 4.79E11 0.0 62.99
6 COC=CC.CO C.0C=CCCO 4.79E11 0.0 18.
-6 C.OC=CCCO COC=CC.CO 4.09E11 0.0 20.87
7 C.0C=CCCO C=CC=C=0+HCO 7.50E12 0.0 36.82
-7 C=CC=C=0+HCO C.oc=Ccco 1.00E11 0.0 5.47
8 CPDOO. CYC5H50.+ 0 2.36E14 0.0 58.72
-8 CYC5H50.+ 0 CPDOO. 3.00E13 0.0 0.0
9 COC=CC.CO COC=CKET+H 1.26E13 0.0 41.47
-9 COC=CKET+H COC=CC.CO 4.82E13 0.0 2.7
Adduct . Frequency/Degeneracy (CPFIT) Lennard-Jones parameters
Geometry Mean/ Degeneracy o (A) e/ k (K)
CPDOO. 250.8/4.757 923.4/17.544 2621.9/7.199 58 620
965.4/29.5
BICYCs5.02 650.9/10.289 654.9/6.146 1588.2/13.565
975.5/30
CYCSO2Hs. 600.4/11.246 636.9/6.088 1825.2/12.666
971.7/30
COC=CC.CO 377.8/9.866 977.7/10.936 2232.0/7.698
879.2/28.5
C.0C=CCCo 410.7/10.772 1116.5/11.220 2535.3/6.508
922.6/28.5

Collision partner and (Lennard-Jones) collision parameters

Partner \ Parameters o (A) e/k (K) E 4y (cal/mol)
N2 3.62 97.5 830
H2 2.82 59.7 621

Species and note

CY13PD5. is cyclopentadienyl radical

CPDOO. is cyclopentadienylperoxy radical
BICYC5.02 is cyclopente-3,4-cycloperoxy-5yl radical
CYC502HS. is 1,3 cycloperoxy-heptadiene-5yl radical
COC=CC.CO is 2-pentenedialdehyde 4yl radical
C.0C=CCCO is form 2-pentenedialdehyde 1yl radical
CYCS5HSO. is cyclopentadiene oxy radical
C=CC=C=Q is vinyl ketene

COC=CKET is 3 ketene 2 propylene aldyhyde
CYPDONE is cyclopentadienone

References for high pressure limit rate constants and comments

k1 A1=3.60E12
k-1 A-1=4.03E13
k2 A2=193E13

k-2 A-2=6.71E14
k3 A3=361E12

k4 A4=156E13
k-4 A-4=3.55E13
k5 A5=6.95E15
k-5 A-5=479E11

k6 A6=4.79E11

k-6 A-6=4.09E11
k7 A7=7.50E12
k-7 A-7=1.00E11
k8 A8=2.36E14
k-8 A-8=3.00E13
k9 A9=126El3
k-9 A-9=482E13

R=AdA,

Ea. = 0 from C=CC. + 02 ;[1] R = 8.93E-2; dU = -12.26

MR; E-a=12.26

LogA2 =13.55 - (4.3 - 1.7)/4.6 + log2 (loss of one rotor and gain one optical
isomer and degeneracy 2) R = 2.875E-2; dU = 7.64

Ea. = dU + 3(ring strain) + 7(addition) = 17.64, [1]

MR; E-a=10[1]

TST; A S#=-4.3, loss 1 rotor, degeneracy = 1

Ea = 28 (ring strain) + 9.3 (Evans Polanyi Analysis) = 37.3

Intermediate cyclpentadieny! - hydroperoxy radical dissociates immediately to
cyclopentadienone + OH, no reverse reaction considered.

MR; Ea. = 10; R=0.44; dU=-8.41

TST; E-a = -dU + 3(ring strain) + 7(addition) = 18.41, see test.

MR; Ea. = 4;[1] R = 1.45E4; dU=-58.99

LogA-5 = 13.55-4.3 x2/4.6; (loss of two rotors);

E-a=-dU+4=62.99

LogA-6 = 13.55-4.3 x2/4.6; (loss of two rotors) Ea. = 12(abs) + 6(ring) = 18;
R=1.17,dU=-2.87

MR; E-a=-dU + 18 = 20.87

MR; Ea. =dU + 5.47 = 36.82; R=74.9; dU = 31.35

from HCO + C2H4; Ea. = 5.47 [2]

MR; Ea. = dU = 58.72

Radical recombination; E-a =0

estimated, Ea = dU + 2.7 =41.47, R=0.2613; dU = 38.77

MR; E-a=2.7[3]

MR; Microscopic Reversibility
TST; Transition State Theory
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TABLE 2 (Continued)

Units: Ea. and U in kcal/mol, for bimolecular reaction ; A and AT" in cm® mole” sec™! and for
unimolecular reaction A and AT" in sec™.

Reference

1 Bozzelli, JW. and Dean, A M.; J. Phys. Chem. 1993, 97, 4427

2 Lesclaux, R.; Roussel, P.; Veyret, B.; Pouchan, C.; J. Am. Chem. Soc. 1986, 108, 3872
3  Dean, AM. J. Phys. Chem. 1988, 21, 4600

TABLE 3: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with O2 (Channel I)

Rate constants k = A T" exp(-Ea/RT)

Reaction A n Ea
CY13PD5. + 02 = CPDOO. 7.31E07 0.08 -9.57
CY13PD5. + 02 = COC=CC.CO 2.94E10 -0.53 2.60
CY13PD5. + 02 = C.OC=CCCO 1.27E06 0.60 -2.14
CY13PD5 +02=CYC5H50. +0O 7.73E15 -0.73 48.74
CY13PDS5. + 02 = CYPDONE + OH 3.44E11 -0.01 25.32
CY13PDS5. + 02 = COC=CKET + H 6.85E08 0.51 7.98
CY13PDS5. + 02 = C=CC=C=0 +HCO 1.16E19 -2.48 10.97
CPDOO. = C=CC=C=0 +HCO 6.90E16 -2.73 17.62

Rate constants (log k) vs temperature

Reaction \ Temperature K 900 1000 1100 1200 1300
CY13PD5. + 02 = CPDOO. 10.422 10.191 10.006 [ 9.851 9.718
CY13PD5. + 02 = COC=CC.CO 8.282 8.318 8.350 8.375 8.390
CY13PDS. + 02 = C.OC=CCCO 8.405 8.379 8.362 8.351 8.340
CY13PD5 + 02 =CYC5H50.+0 1.897 3.050 3.985 4.766 5.424
CY13PD5. + 02 = COC=CKET + H 8.393 8.611 8.789 8.940 9.071
CY13PD5. + 02 = CYPDONE + OH 5.363 5977 6.480 6.899 7.253
CY13PD5. + 02 = C=CC=C=0 + HCO 9.070 9.224 9.338 9.425 9.494

Units: Ea and U in kcal/mol, for bimolecular reaction ; A and AT® in cm® mole™ sec” and for
unimolecular reaction A and AT in sec”.

Collision partner; N2.

radicals such as H, OH, and HG@o remove them from the 1 along with appropriate references. Molecular thermodynamic
radical pool or undergoes reaction to linear, resonance-stabilized parameters are calculated primarily from group additffityith
species. peroxy and cyclic group parameters and from recent calculation

Bimolecular (chemical activation) and unimolecular reaction Studies?’~?% Enthalpies of radicals are from evaluated literature
of the adducts formed by HH, OH, O, and H@ with on C—H or O—H bond energies andH;°,9g of the parent
cyclopentadienyl radical may be important to combustion molecule, which has a hydrogen atom at the radical site.
models on aromatics and cyclopentadiene. We are not awareEntropies andCy(T) values are from use of hydrogen bond
of any mechanism that predicts the various resonance-stabilizedncrements (HBI}? The HBI group technique is based on
vinylic and carbonyl species that result from decomposition/ known thermodynamic properties of the parent molecule,
destruction of cyclopentadienyl radical which we report in this €nthalpy of reaction (bond energy), and calculated changes in
study. Elementary reaction rate constants and reaction pathSandCy(T) from loss or change in vibration frequencies, internal
analysis of cyclopentadienyl radical oxidation are not available. rotations, and symmetry and optical isomers that occur upon
We are not aware of data on cyclopentadienyl radical oxidation formation of a radical via loss of the H atom.

reactions, other than that of Wang and Brezinkkyhere the Kinetic Calculations. Unimolecular dissociation and isomer-
elementary thermochemical paths or kinetic steps have beenization reactions of the chemically activated and stabilized
evaluated relevant to high-temperature oxidation. adducts resulting from addition or combination reactions are

This study focuses on the reaction pathways, thermodynamic@nalyzed by first constructing potential energy diagrams.
properties, and kinetic analysis of cyclopentadienyl radical Thermodynamic parameteraH°os), S'20s Cp(T), reduced
association with H, OH, O, H® and Q. The association vibration frequency sets, and Lennard-Jones parameters for
reactions are in the falloff under combustion conditions, and SPECIES I each reaction path are presented. .
the rates are further controlled by the radical concentrations. High-pressure rate constants for each channel are obtained
Cyclopentadienyl addition with oxygen molecules is shown to from literature or referenced estimation techniques. Kinetics
be a relatively slow reaction, but still an important consumption parameters for unimolecular and bimolecular (chemical activa-
pathway in the combustion environment. The cyclopentadienyl tion) reactions are then calculated using multifrequency QRRK

reaction with Q to form vinyl ketene plus formyl radical is an ~ analysis fok(E).3~33 The modified strong collision formalism
important pathway in the C5> C4 stage. of Gilbert et al**is used for falloff 8 collision) with the steady-

state assumption on the energized adduct(s).
Reactions that incur a change in number of moles, such as
unimolecular dissociation, have energy of activation calculated
Thermodynamic paramete® 29y, Spos andCpoo) to Cpis00) asAUn plus ank; for the reverse addition, whekéis internal
for species in the reaction schemes are listed in Table energy E, reverse is usually 0.0 for simple association reac-

Thermodynamic Properties
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TABLE 4: Activition Analysis Input Parameters; Cyclopentadienyl Oxidation Reaction System (Channel Il); High Pressure

Limited Constants

Reactants Products A(s" or cm*/(mol*s)n Ea.(Kcal/mol)
1 CY13PD5.+02 CPDOO. 3.60E12 0.0 0.0
-1 CPDOQ. CY13PD5.+02 4.03E13 0.0 12.26
2 CPDQQ. C502H5221 1.93E13 0.0 30.0
-2 C502H5221 CPDOO. 4.25E11 0.0 43.75
3 C502H5221 BOCS0. 4.65E09 0.0 28.72
-3 BOC50. C502H5221 3.55E13 0.0 37.38
4 BOCs0. C5H502 1 1.11E15 0.0 10.0
-4 C5H502 1 BOC50. 1.12E12 0.0 15.72
5 C5H502 1 COC=CC.CO 3.55E13 0.0 28.72
-5 COC=CC.CO C5H502 1 1.13E12 0.0 60.54
6 COC=CC.CO C.0C=CCCO 4.79E11 0.0 18.1
6 C.OC=CCCO COC=CC.CO 4.09E11 0.0 20.97
7 C.0C=CCCO C=0CCKET 3.55E13 0.0 6.64
-7 C=0CCKET C.0C=CCCO 1.69E13 0.0 1.0
8 C=0OCCKET C=CC=C=0+HCO 3.66E12 0.0 31.19
-8 C=CC=C=0+HCO C=0OCCXET 1.00E11 0.0 5.47
9 COC=CC.CO COC=CKET+H 1.26E13 0.0 4147
-9 COC=CKET+H COC=CC.CO 4.82E13 0.0 2.7
Adduct Frequency/Degeneracy (CPFIT) Lennard-Jones parameters
Geometry Mean/Degeneracy S (A) e/k (K)

CPDOO. 250.8/4.757 923.4/17.544 2621.9/7.199 58 620

965.4/29.5
C502H5221 315.0/10.443 401.0/2.425 1250.5/17.132

705.9/30.0
BOC50. 789.6/9.973 801.6/10.560 2366.2/9.467

1122.4/30.0
C5H502_1 483.4/9.223 800.2/10.002 2165.1/9.775

953.4/29.0
C=0CC. KET 250.1/9.678 953.1/11.820 2479.0/7.002

765.3/28.5
COC=CC.CO 377.8/9.866 977.7/10.936 2232.0/7.698

879.2/28.5
C.0C=CCCO 410.7/10.772 1116.5/11.220 2535.3/6.508

922.6/28.5

Species and note

CY13PDS5. is cyclopentadienyl radical

CPDOO. is cyclopentadienylperoxy radical
C502H5221 is bicyclo{221] hexene peroxy radical
BOCS50. is cyclopentene-3,4-epoxy-5-oxy radical
C5H502_1 is 4,5-epoxy-2-pentenal-5yl radical,
C=0CC. KET is 3 ketene propane aldehyde 3yl radical
COC=CC.CO is 2-pentenedialdehyde 4yl radical

C.OC=CCCOis

. 2-pentenedialdehyde 1yl radical

CYC5HSO. is cyclopentadiene oxy radical
C=CC=C=0 is vinyl ketene

References for high pressure limit rate constants and comments

k1 A1=3.60E12
k-1 A-1=4.03E13
k2 A2=193EIl3

k-2 A-2=4.25Ell

k3 A3=4.05E09

k-3 A -3=3.55E13
k4 A 4=1.11E15

k-4 A-4=1.12E12
k5 A5=3.55EI13

k-5 A-5=1.13E12
k6 A6=479Ell

k-6 A-6=4.09E11

k7 A7=3.55E13
k-7 A-7=1.69E13
k8 A8=3.66E12
k-8 A-8=1.00E11

Ea =0 from C=CC. + 02 [1]; R = 8.92E-2; dU = -12.26
MR; E-a=-dU =12.26

logA2 = 13.55-(4.3-1.7)/4.6 + log2 (loss one rotor and gain one

optical isomer and degenecy 2); R = 45.4; dU = -13.75
Ea =30 (MOPAC)

MR; E-a=13.75+30=43.75

MR; R = 1.31E4; dU = -8.56

Ea = 27(ring strain)- dU/2 + 6(addition) = 28.72,
logA-3 = 13.55 (TST); E-a=128.72 + 8.56 =37.38
MR; R=9853; dU=-5.72

Ea = 3(ring strain) + 7(addition) = 10, [1]

log A-4 = 13.55-(4.3x2-1.7)/4.6, E-a=5.72+10=15.72

logAS = 13.55 TST; R=31.4; dU-5 =-31.72

Ea = 27(ring strain)- dU/2 + 6(addition) = 28.72,

MR; E-a = 60.54

MR; R=1.17;dU = -2.87

Ea = 6(ring strain) + 12.1(Eap¢) = 18.1 [1]

Ejps =13 - A H/3.3 Evens-Polanyi rule (AH =-2.87)
logA-6 = 13.55-(4.3-1.7)/4.6

(loss of one rotor and gain one optical isomer); E-a = 20.97

TST;R=2.1;dU=5.64;Ea=dU+ 1=6.64

MR; E-a=1.

MR; Ea=dU+547=31.19;dU=25.72; R=36.6
E-a=5.47 [4]
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TABLE 4: (Continued)
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k9 A9=1.26El3 from C3HS to Allene + H[1]; Ea=dU + 2.7 = 4147,

dU=38.77, R =0.2613
k9 A-9=482E13 MR;E-a=27{]]

R=A¢A,
MR; Microscopic Reversibility
TST; Transition State Theory

Units: Ea and U in kcal/mol, for bimolecular reaction ; A and AT" in cm® mole™ sec” and for

unimolecular reaction A and AT" in sec™.

1 Bozzelli, J.W. and Dean, A.M.; J. Phys. Chem. 1993, 97, 4427
2 Santiago O and Albert S, J. Am. Chem. Soc. 1991, 113, 8628
3
4

This work see test

Lesclauc, C.; Roussel, P.; Veyret, B.; Pouchan, C.; J. Am. Chem. Soc. 1986, 108, 3874

TABLE 5: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with O2 (channel II)

Rate constants k = A T" exp(-Ea/RT)

Reaction A n Ea

CY13PD5. + 02 = CPDOO. 1.54E13 -1.44 -5.80
CY13PDS. + 02 = COC=CC.CO 3.592EE -3.68 35.06
CY13PD5. + 02 = C.OC=CCCO 5.69E46 -10.58 48.86
CY13PD5. + 02 = O=CCC.KET 4.81E46 -10.51 46.64
CY13PDS. + 02 = C=CC=C=0 + HCO 1.94E33 -6.19 44.00
CY13PD5. + 02 = COC=CKET + H 3.3E25 -3.88 40.83

Rate constants (log k ) vs Temperature

Reaction \ Temperature 900 1000 1100 1200 1300
CY13PDS5. + 02 = CPDOO. 10.357 10.152 9.975 9.824 9.695
CY13PD5. + 02 = COC=CC.CO 3.167 3.853 4.395 4.835 5.201
CY13PD5. + 02 = C.0C=CCCO 3.618 4.327 4.854 5.259 5.583
CY13PD5. + 02 = O=CCC.KET 4310 4.970 5.455 5.825 6.123
CY13PD5. + 02 = C=CC=C=0 + HCO 4.324 5.118 5.728 6.219 6.630
CY13PDS. + 02 = COC=CKET + H 4.133 4.955 5.598 6.124 6.569

Units: Ea and U in kcal/mol; for bimolecular reaction, A and AT" in cm® mole™ sec” , for unimolecular

reaction, A and AT" in sec”,

Collision partner; N2

Cyclopentadieny! radical + O2 reaction

12

log k

2+ SN
0 | ) ! | | ! |
075 0.80 0.85 090 095 100 105 110 115
1000/ T
® =>CPDOO.
®  =>COC=CC.CO ¥  =>(C=CC=C=0 + HCO
4 =>C.0Cc=Cccco ® =>COC=CKET+H

® =>CYC5H50.+0 ® =>CYPDONE + OH

Figure 5. Cyclopentadienyl radical reaction with oxygen molecule rate
constants calculated by QRRKcollision analysis; lod) vs 10001
at 1.0 atm pressure.

tions). Enthalpies ant,’s in the text and in PE diagrams are
at 298 K, while those in the tables listing data input to the

Hrxn(208)
120 |
C2H2 + C.=C-C=0
100 \— . 942
o [}
() +o | e
91.6
80| +H
CYCSHS0.
CYPDONE
C=CC=C. + CO
623 62 595  ka 24

60| — N

58.96 \ _

/ 5786
52,34 6
40| k3 ©OC=CC=C.
429
ks | coc=cc=C

20 241

Figure 6. Potential energy diagram for cyclopentadienyl radical
association with oxygen atom (channel 1). Ring-opening reaction is a
f scssion reaction of the adduct with 19.4 kcal/mol activation energy
at room temperature. Final products are 2,4-cyclopentadienone, 2,4-
pentadienal-1-yl radical, 1,3-butadienyl radical, CO, and hydrogen atom.

chemical activation reactions are for 1000 K, which we select
as representative of modeled combustion experiments.
Recent modifications to the quantum RRK calculation
include (a) use of a manifold of three frequencies plus
incorporation of one external rotation for the density of states,
e(E)/Q and in calculation ok(E) and of F(E); (b) calculation
of the collision efficiencyp. with the calculated FH) factor
instead of the previously assigned 1.15 valgg;is now
calculated from Gilbert et a4 eq 4.7; (c) calculation of the
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TABLE 6: Chemical Activition Analysis Input Parameters; Cyclopentadienyl + O Reaction System (Channel I); High Pressure

Limit Rate Constant

Reactants Products A(s” or cm’/(mol*s) n Ea. ( Kcal/mol)
1 CY13PD5.+ 0O CYC5HS0. 6.03E13 0.0 0.0
-1 CYC5H50. CYI13PD5.+ 0 1.25E15 0.0 72.5
2 CYCSHS0. CYPDONE + H 2.00E14 0.0 18.68
-2 CYPDONE + H CYCS5HS0. 4.00E14 0.0 2.5
3 CYCSH50. COC=CC=C. 6.82E13 0.0 20.32
-3 COC=CC=C. CYCSHS50. 4.79E11 0.0 10.0
4 COC=CC=C. C.=CC=0 + C2H2 2.51E13 0.0 42.47
-4 C=CC=0 + C2H2 COC=CC=C. 5.57E10 0.0 3.6
5 COC=CC=C. C.OC=CC=C 4.79E11 0.0 6.62
-5 C.0C=CC=C COC=CC=C. 1.45E12 0.0 35.0
6 C.OC=CC=C C=CC=C.+CO 7.74E13 0.0 36.56
-6 C=CC=C. + CO C.OC=CC=C 1.50E11 0.0 4.81
Adducts Frequency(cm™ )/Degeneracy (CPFIT) Lennard-Jones parameter
Geometry Mean (cm™' )/Degeneracy o (A) ek (X)
CYCS5HS50. 686.2/14.037 1618.6/10.258 3562.9/2.705 5.82 617
1121.2/27.0
COC=CC=C. 403.4/9.612 984.5/10.689 2778.9/5.69
888.3/26.0
C.0C=CC=C 413.3/8.787 921.6/10.625 2643.9/6.588
917.9/26.0

Species and note

CY13PD5. is cyclopentadienyl radical
CYCS5HS50. is cyclopentadiene oxy radical
CYPDONE is cyclopentadienone

COC=CC=C. is 2,4-pentadienal-5yl a vinyllic radical

C.=CC=0 is 2-propenal-4yl radical
C.0C=CC=C is 2,4-pentadienal-1yl radical
C=CC=C. is 1,3 butadienyl radical

References for high pressure limit rate constants and comments

k1 Al =6.03E13
k-1 A-1=125E15
k2 A2 =2.00E14

k-2 A-2=4.00E14
k3 A3 =6.82E13

k-3 A-3 =4.79E11
k4 A4 =251EI3
k-4 A-4 =557E10
k5 A5 =479El1l

k-5 A-5 =145E12
k6 A6 =774E13
k-6 A-6 =1.50Ell

R=A5/Af

Ea=0asC=CC. +O; [1] R=4.84E-2; dU=-72.5

MR; E-a=-dU=725

Ea=25+dU=1868 as CH30.-> CH20+ H; [2]

R=0.5;dU=16.18
MR; E-a=2.5

MR; R = 142.4; dU = 10.32;

Ea=dU+ 10 =20.32;

logA-3 = 13.55-4.3 x 2/4.6; (lose two rotors)
E-a = 3(ring strain) + 7 (addition) = 10; [3]

Ea = dU+3.6=42.47; as C=CC=C. -> C2H2 + C2H3; [4]

R =450.3; dU=38.87
MR;E-a=3.6

logA 5 =13.55-4.3 x 2/4.6 (lose two rotors);
Ea = 1(ring strain) + 5.62(Habs) = 6.62

R=0.331; dU =-28.38
MR; E-a = -dU + 6.62 = 35,

MR; Ea = 4.81 + dU = 36.56; R=516.1; dU=31.75

E-a=4.81 as C2H3 + CO; [5]

Habs; Abstraction Ea's are estimated as 134 AH | /3 in exothermic reaction
MR; Microscopic Reversibility

Units; Ea and U in kcal/mol, for bimolecular reaction; A and A T 2 in cm > mole * sec” and for
unimolecular reaction; A and A T M in sec™

W o W N

Leonard-Jones collision frequend; by the Z; = Z Q

Tsang, W. J. Phys. Chem. Ref. Data, 1991, 20, 221
Heicklen, J. Advances in Photochem. 1988, 14, 177
Bozzelli, J.W. and Dean, A M.; J. Phys. Chem. 1993, 97, 4427
Dean, AM,; J. Phys. Chem. 1985, 89, 4603
Tsang W.: Hampson, RF. J. Phys. Chem. Ref. Data, 1986, 15, 1087

integraf>=37 obtained from the fit of Reid et &.

The QRRK analysis with the “modified strong collision

QRRK formalisnt*®50 Bauman notes its suitability for explana-
tion of product ratios in iormolecule reaction system$. It

is shown to yield reasonable results in these applications and
approach” and constant FE for falloff has been used to analyzeprovides a framework by which the effects of temperature and

a variety of chemical activation reaction systems, Westmoreland pressure can be evaluated.
Input Data Requirements for QRRK Calculation. High

of recent publications by other researchers that utilize the QRRK pressure limit preexponential factors (Arrheniutactors,A(T))

et al.31.38Dean et al3 Bozzelli et al*®42 There are a number

formalism with a more exact calculation of FE (as in this study) for bimolecular addition and combination reactions are obtained

in the modified strong collision analy4fs48 or utilize just a from the literature and from trends in homologous series of
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TABLE 7: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with O Atom

Rate constants k=A T" exp(-EA/RT)

Reactions A n Ea
CYI13PD5. + O = CYC5H50. 1.12E-12 5.87 -17.31
CY13PD5. + O = C.OC=CC=C 7.18E02 1.54 -14.06
CY13PDS. + O =H+ CYPDONE 5.81E13 -0.02 0.02
CY13PDS. + O = CO + C=CC=C. 3.20E13 -0.17 0.44
CY13PD5. + O = C2H2 + C.=CC=0 8.22E6 519 0.46
CYC5HS0. = H+ CYPDONE 5.43E09 -0.17 5.86
CYC5H50. =CO0 + C=CC=C. 2.27E42 -9.28 39.46
CYC5HS50.  =C2H2 + C.=CC=0 3.46E-12 6.17 36.65
Rate c« (log k) vs Temperature

Reactions \ Temperature K 900 1000 1100 1200 1300
CY13FPD5. + O = CYC5H50. 9.592 9.411 9.339 9.275 9.236
CY13PDS. + O = C.OC=CC=C 10.817 10.552 10.330 10.153 10.016
CY13PDS. + O=H + CYPDONE 13.716 13.716 13.715 13.715 13.715
CY13PD5. + 0 =CO + C=CC=C. 12.911 12.914 12.916 12,917 | 12.917
CY13PDs. + O = C2H2 + C=CC=0 10.143 10.390 10.616 10.821 11.006

Units; Ea and U in kcal/mol, for bimolecular reaction; A and A T in cm® molesec” and for
unimolecular reaction; A and A T® in sec

Collision partner, N2

reactions. A factors for isomerizations are obtained from abstraction by the peroxy radical through a four-member ring
transition-state theory, usually from the estimated entropy of transition state. Alternatively, the weak peroxy-O bond can
the transition-state structure. Activation energies come from cleave to form cyclopentadiene oxy radical plus an oxygen atom.
endothermicity of reaction and includeHn, plus barriers by This O—0 bond cleavage reaction needs ca. 45 kcal/mol above
analogy with similar reactions with known energetics. Activa- the entrance channel and is only important above 1400 K.
tion energies include analysis of EvarfBolanyi relationships Pathway |. Intramolecular Peroxy Radical Addition at
for abstractions plus evaluation of ring strain energy when cyclic the 2 Position. Intramolecular peroxy addition to an adjacent
TSTs are present. Data on derivation of each rate coefficient unsaturated carbon forms the cyclopentyl-3,4-cycloperoxy-5-
are included in the table describing the reaction system. yl radical (a dioxitane, BICYC®2), with an activation energy
The three vibration frequencies and their associated degenerag, = dU + 10 = 17.6 kcal/mol. This energy barrier between
cies are computed from fits to heat capacity data, as describedcyclopentadiene peroxy radical and cyclopentene-3,4-cyclo-
by Ritte?® and Bozzelli et ab! Vibration frequency sets for  peroxy-5-yl radical is the highest along the reaction pathway,
the adducts are listed with the input parameters. Figure 3. The potential energy surface shows that most of the
Lennard-Jones parametets(A) and e/k (K), are obtained  peroxy radical will decompose back to the initial reactants.
from tabulation¥ and from a calculation method based on molar  The energized cyclopentene-3,4-cycloperoxy-5-yl radical
volumes and compressibilify. (BICYC5'02) can react back to the peroxy radical with an
estimated activation enerdfy = 3 (ring strain 7 (E, addition)
= 10 kcal/mot® or break an internal dioxitane-€C bond to
form 1,3-cycloperoxyheptadien-5-yl radical (CYC502Hbith
bines with oxygen molecules to form the chemically activated an estimated activation ener@ = 10 kcal/mol. ThisE, is
cyclopentadienytperoxy adduct (CPDO®) which can either ~ estimated from reverse reaction, which includes 3 kcal/mol for
react back to reactants or to vinyl ketene plus formyl radical ring strain and 7 kcal/mol for addition of a carbonyl radical to
via 2-pentene dialdehyde intermediates as shown in Figures 2a C=C double bond. High pressure limit rate constant

Results and Discussion

Reaction with Oxygen Molecules. Cyclopentadienyl com-

3, and 4. Stabilization of the cyclopentadienpleroxy adduct
(CPDOO) is negligible because of the rapid reverse reaction,
due to entropy and the shallow well. This 13 kcal/mol well

parameters for the elementary reactions are listed in Table 2.
The 1,3-cycloperoxyheptadien-5-yl radical (CYC502H5
once formed will rapidly cleave the weak-® bond, opening

does not provide enough energy in formation of the activated the ring and forming strong carbonyl bonds. The initial product

complex (formation of a weak cyclopentadieny+OO* bond)
to drive the unimolecular dissociation to new products. The
low E; required for reverse reaction, combined with the

is a linear, resonance-stabilized, dicarbonyl radicaG3-
C=C—-C—C=0. An important product is the result of H
elimination from the carbonyl of this radical to=€C—C=C—

relatively highA factor, makes reverse reaction the dominant
pathway for dissociation of the cyclopentadiengkeroxy adduct. lecular H shift reaction, then dissociate to formyl radical (HCO)
A small, but important, fraction of the collisions react to form plus a stable vinyl ketene, as shown in Figure 3. The dicarbonyl
new products, as described below, mainly via the chemically radical formed (after isomerization) is the 2-pentenedialdehyd-
activated peroxy adduct. Forward reaction occurs when the 4-yl radical (G=CC=CCC=0), a carbon-centered radical that
peroxy radical adds (intramolecular) to the adjacent unsaturatedis lower in energy than its electronic isomer, an oxygen-centered
carbons (addition at the adjacent position is most important) to (alkoxy) radical, 2,4-pentadienal-5-oxy radicaHG—C=C—
form the cyclopentene-3,4-cycloperoxy-5-yl radical (dioxitane, C=C—0r), Figure 3. The overall reaction is ca. 40 kcal/mol
BICYC5°02 — pathway |) or adds to the 2 position to form the exothermic. The linear radicals are initially formed with ca. 73
bicyclo[2.2.1.]hexene peroxy radical (C502H5221) (pathway kcal/mol excess energy above their ground state. The energized
). 2-pentenedialdehyd-4-yl (&CC=CCC=0) can abstract H
Cyclopentanone plus OH is not an important channel, due to from the carbonyl group (intramolecular reaction) to form the
the estimated high barrier (37.3 kcal/mol) for ipso hydrogen second dialdehyde radical. The internal 1,4 H shift reaction

C=C=0. The dialdehyde radical can also undergo an intramo-
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TABLE 8: Chemical Activition Analysis Input Parameters; Cyclopentadienyl + O Reaction System (Channel Il); High
Pressure Limit Rate Constant

Reactants Products A(s” or cm’/(mol*s) n Ea.( Kcal/mol)
1 CY13PD5.+ 0O CYC5HS50. 6.03E13 0.0 0.0
-1 CYC5H50. CY13PD5. +0O 1.25E15 0.0 72.5
2 CYCSH50. CYPDONE + H 2.00E14 0.0 18.68
-2 CYPDONE + H CYCSHS50. 4.00E14 0.0 2.5
3 CYC5H50. BICYC5H50. 6.83E11 0.0 6.0
-3 BICYC5H50. CYC5H50. 5.38E13 0.0 7.65
4 BICYCSH50. CYC50DE 3.55E13 0.0 12.
-4 CYC50DE BICYC5HS0. 5.85E12 0.0 43.78
5 CYC50DE COC=CC=C. 8.86E14 0.0 50.75
-5 COC=CC=C. CYC50DE 4.79E11 0.0 7.0
6 COC=CC=C. C.=CC=0+C2H2 2.51E13 0.0 42.47
-6 C.=CC=0+C2H2 COC=CC=C. 5.57E10 0.0 3.6
7 COC=CC=C. C.0C=CC=C 4.79E11 0.0 6.62
-7 C.0C=CC=C COC=CC=C. 1.45E12 0.0 35.0
8 C.0C=CC=C C=CC=C.+CO 7.74E13 0.0 36.56
-8 C=CC=C.+CO C.0C=CC=C 1.50E11 0.0 4.81
Adducts Frequency(cm’ )/Degeneracy (CPFIT) Lennard-Jones parameter
Geometry Mean (cm’')/Degeneracy o (A) ek (K)
CYCS5HS50. 686.2/14.037 1618.6/10.258 3562.9/2.705 5.82 617
1121.2/27.0
BICYC5H50 769.4/8.685 801.1/8.685 2240.9/9.630
1141.1/27.0
CYCSODE. 743.2/10.448 737.9/6.867 1787.5/9.676
1016.1/27.0
COC=CC=C. 403.4/9.612 984.5/10.689 2778.9/5.69
888.3/26.0
C.OC=CC=C 413.3/8.787 921.6/10.625 2643.9/6.588
917.9/26.0
Species and note

CY13PD5. is cyclopentadienyl radical

CYCSHS5O. is cyclopentadiene oxy radical
CYPDONE is cyclopentadienone

BICYCSHSO. is cyclopenten-3,4-cpoxy-5yl radical
CYC50DE is pyran-1yl radical

C.=CC=0 is 2-propenal-4yl radical

C.0C=CC=C is 2,4-pentadienal-1yl radical
COC=CC=C. is 2,4-pentadienal-5y1 radical
C=CC=C. is 1,3 butadienyl radical

References for high pressure limit rate constants and comments

k1
k-1
k2
k-2

k-7
k8
k-8

Al =6.03E13
A-1=125E15
A2 =200E14
A-2=4.00E14
A3=6.83Ell
A-3=538EI3
A 4=3.55E13
A-4 =585E12
A 5=886E14
A-5=4.79E11
A6 =2.51E13

A-6=5.57E10
A7 =47%Il11

A-7 =1.45E12
A8 =774E13
A-8 =1.50E11

R=A¢/ A,
Habs; Abstraction Ea's are setimated as 134 AH | /3 in exothemric reaction
MR; Microscopic Reversibility

Ea=0as C=CC. +O; [11R=4.84E-2; dU=-72.5
MR;E-a=-dU=725

Ea=2.5+dU=18.68 as CH30.-> CH20+ H; [2] R=0.5; dU=16.18
MR; E-a=2.5

MR; Ea= 6 [3]; R=1.27E-2;, dU=-1.65

[4] E-a=6 - dU = 7.65

Ea=12; [4] dU=-31.78; R=6.073

MR; Ea=12-dU=37.78

MR; Ea =dU + 7 = 50.75; dU=43.75; R=1853

log A-5 =13.55-4.3 x2/4.6 (lose two rotors) E-a = 7 (addition); {5]
Ea=dU + 3.6 = 42.47, from C*CC*C. -> C2H2 + C2H3 [6]

R =450.3;, dU = 38.87

MR; E-a=3.6

logA 7= 13.55-4.3 x 2/4.6 (lose two rotors);

Ea = 1(ring strain) + 5.62(Habs) = 6.62; R = 0.331; dU = -28.38
MR; E-a=-dU + 6.62 = 35.

MR; Ea =4.81 + dU = 36.56; R = 516.1;, dU = 31.75

E-a=4.81as C2H3 + CO; [7]

Units; Ea and U in kcal/mol, for bimolecular reaction; A and A T M in cm3 mole1 sec1 and for
unimolecular reaction; A and A T 1 in secl

Reference

- NV I R VA N e

Tsang, W. J. Phys. Chem. Ref. Data, 1991, 20, 221
Heicklen, J. Advances in Photochem. 1988, 14, 177
Santiago, O., Albert, S,; J. Am. Chem. Soc. 1991, 113, 8628

This work see test

Bozzelli, J. W.; Dean, A, M.; J. Phys. Chem. 1993, 97, 4427
Dean, A, M.; J. Phys. Chem. 1985, 89, 4603
Tsang.W,; Hampson, RF. J. Phys. Chem. Ref. Data, 1986, 15, 1087
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TABLE 9: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with O Atom

Rate constants k = A T" exp(-Ea/RT)

Reactions A n Ea
CY13PD5. + O = CYC5H50. 8.05E11 -0.69 -1.00
CY13PD5. + O = CYC50DE. 1.44E30 -6.83 -0.92
CY13FPD5. + O = C.OC=CC=C 5.42E06 0.03 -12.18
CY13PD5. + O =H + CYPDONE 5.71E13 0.01 0.00
CY13PDS5. + 0O =CO + C=CC=C. 2.54E17 -1.71 2.19
CY13PD5. + O =C2H2 + C.=CC=0 6.27E-4 4.19 0.81
Rate constants (log k) vs Temperature
Reactions \ Temperature K 900 1000 1100 1200 1300
CY13PD35. + O = CYC5HSO. 10.119 10.061 10.015 9.974 9.933
CY13PDS5. + O = CYCS0ODE. 10.190 9.865 9.555 9.277 9.037
CY13PD5. + O = C.0C=CC=C 9.780 9.493 9.246 9.043 8.879
CY13PD5. + 0 =H + CYPDONE 13.775 13.775 13.776 13.776 13.776
CY13PD5. + O = CO + C=CC=C. 11.834 11.809 11.782 11.754 11.725
CY13PD35. + O = C2H2 + C.=CC=0 8.992 9.202 9.393 9.565 9.721

Units; Ea and U in kcal/mol, for bimolecular reaction; A and A T " in cm® mole™ sec” and for

unimolecular reaction; A and A T " in sec”

Collision partner, N2

Cyclopentadienyl radical + O reaction

14
. ® . . °
Brg——n—— & —— - —— ——n
12
® CYPDONE+H
54 - -
2 1f W C=CC=C.+CO
A CYCS50DE.
_ A
10 | "
/‘A///
//k//
9 A&7
| | | 1 | 1 |

8
075 0.80 0.85 090 0.95
1000/T

Figure 7. Cyclopentadienyl radical reaction with oxygen atom rate
constants calculated by QRRKcollision analysis; lod) vs 10001
at atmospheric pressure.

1.00 1.06 110 1.15

(five-member-ring transition state) has an estimated activation
energyE, = 6 (ring strain)+ 12 (abstraction}= 18 kcal/mol

to form 2-pentenedialdehyd-1-yl radical #€Z°*C=CCGC=0).

An alternate H shift reaction (4,5 H shift) has a three-member-
ring transition state and an estimated activation ené&gy

26 (ring strain)+ 12 (abstraction)= 38 kcal/mol to form
2-pentenedialdehyd-5-yl radical €€CC=CCC=0). This 4,5

H shift reaction is not included in the calculation due to its
higher barrier.

The 2-pentenedialdehyd-1-yl radical#@*C=CCC=0) can
dissociate to vinyl-1,3 ketene f8CC=C=O0) plus formyl
radical (HCO) with an activation energy 5.5 kcal/mol above
the Hxn. TheA factor is estimated from the reverse reaction.

Pathway Il. Intramolecular Peroxy Radical Addition to
the 3 Position. The cyclopentadienyl peroxy radical (CPD§O
can undergo intramolecular addition to the double bond at the
3 position, which is exothermic, and forms a bicyclo[2.2.1.]-
hexene peroxy radical (C502H5221), Figure 4, path Il. The
activation energy is estimated as 30 kcal/mol. The tigls
due to the significant rotation (twist) in the double bond for

Hrxn(298)

120

C2H2 + C.=CC=0
94.2

[o]
| A
+H

CYPDONE COC=CC=C.

C=CC=C.+C0
62.4

59.34 ké | 58.96

Figure 8. Potential energy diagram for cyclopentadienyl radical
association with oxygen atom (channel 2): isomerization, ring-opening,
andg scssion reactions. Final products are 2,4-cyclopentadienone plus
H, 2,4-pentadienal-1-yl radical, and 1,3-butadienyl radical plus CO.

H (2889) keal/mol
C.=CC=CC.

110 CY13PDS. + H

113.4

109.3

o cvisD

31.2

Figure 9. Potential energy diagram for cyclopentadienyl radical
association with hydrogen. Stabilized cyclopentadiene is the primary
product.

peroxy radical attack on the bond to occur. The bicyclo-
[2.2.1.]hexene peroxy radical (C502H5221) has the radical site
at the secondary carbon (C/C2/H2). Forward reaction results
in O—0 cleavage with &0 carbonyl bond formation to form
cyclopenten-3,4-epoxy-5-oxy radical (BOC9Qvith an esti-
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TABLE 10: Chemical Activition Analysis Parameters; CY13PD5 + H Reaction System; High Pressure Limited Constants

Reactants Products A(s" or cm’/(mol*s) n Ea.( Kcal/mol)

1 CY13PD5. + H CY13PD5 3.20E14 0.0 0.0

-1 CY13PD5 CY13PDs. +H 2.15E15 0.0 77.91

2 CY13PD5 C.=C-C=C-C. 5.52E14 0.0 83.09

-2 C.=C-C=C-C. CY13PD5 4.79E11 0.0 0.0

Adduct Frequency( cm y/Degeneracy (CPFIT) Lennard-Jones Parameters
Geometry Mean (cm™)/ Degeneracy s (A) sk (K)

CY13PD 707.6/11.136 1405.8/10.711 3186.9/5.15 525 483
1238.2/27.0

Species and note

CY13PDS5. is cyclopentadienyl radical

CY13PD is cyclopentadiene

C.=C-C=C-C. is 1,3 pentadiene diradical -singlet

References for high pressure limit rate constant and comments

k1 A1=320E14 asC=C-C=C.+H;[1]Ea=0;R=0.148; dU=-77.91
k-1 A-1=2.16E15 MR;E-a=7791

k2 A2=552E14 MR;Ea=dU=83.09; R=1152

k-2 A-2=479E11 log A-2=13.55-43x2/4.6 (loss of two rotors); E-a=0
1. Dean, AM. J. Phys. Chem. 1985, 89, 4600.

R=AdA,
MR; Microscopic Reversibility

Units: Ea and dU in kcal/mol; for bimolecular reaction, A and AT® in cm® mole” sec™ , for unimolecular
reaction, A and AT " in sec”.

TABLE 11: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with 02

Rate constant, k= A T" exp(-E/RT)

Reaction A n E,
CY13PD5. + H=> CY13PD5 9.908E31 -5.12 9.79
CY13PD5. + H=>C.=C-C=C-C. 9.096E20 -5.26 36.01

Collision partner, N2

Hmn(298) kcal/mol 94.0 I : ical + OH .
ol (298) . o Q . Cyclopentadienyl radical + OH reaction
<3 LA ”
@ *OH H CYPD10. CYPD20.
70 [ CY19PD5 K3 cvc:gsoo. 752 770
66.7 on 13 —
ki [
50 | O »
CYC5H40H
% 121 ® CYC5H50H
_ v—__ ® CYPD1OH
o< e X Tl A CYPD20H
1of (9] Q gy T
CYC5HSOH on
CYPD1CH CYPD20OH
A0 422 104 10
Flgure_ 1_0. P_otentlal energy_dlagram for cyc!opentadlenyl radlpal v  CYC5H4OH + H
association with hydroxyl radical. Cyclopentadienol, cyclopentadien- o
1-ol, and cyclopentadien-2-ol are major products. ¢ CYPD10.+H
® CYPD20.+H
mated activation energlf,s = 27 (ring strain)— 4.3 (AUx/2) 8 ' ' ‘ ' : ' '
+6 (Ea addition): 28.7 kcal/mol. 075 080 085 09 095 100 105 110 1.15

The cyclopenten-3,4-epoxy-5-oxy radical is 36 kcal/mol lower 100077 . . o
than the entrance channel, and the chemically activated inter-Figure 11. Rate constants of cyclopentadienyl radical combination
mediate can open the cyclopentene ring to form 4,5-epoxy-2- with hydroxyl radical calculated by QRRK collision analysis; lod()

- . ] vs 1000T at atmospheric pressure.
pentenal-5-yl radical (C5H502 1) with the activation energy

Ea = 3 (ring strain)+ 7 (Ea addition) = 10 kcal/mol, as Intramolecular peroxy addition to both the 1 position and 2
estimated from the reverse addition reaction. position results in formation of similar intermediates (linear,
The 4,5-epoxy-2-pentenal-5-yl radical with about 42 kcal/ conjugated, unsaturated dicarbonyls) and final products. Reac-
mol excess energy can cleave a strained bond in the epoxy ringtions in pathway Il have low reaction rates to the linear
to form the energized 2-pentenedialdehyd-4-yl radical intermediates, about 3 orders of magnitude lower than reactions
(O0=CC=CCC=0). The subsequent reactions are discussed in pathway I, due to the higg, for transition states in steps k2
under pathway | (above). and k3, Figure 4. The energy level diagrams for cyclopenta-
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TABLE 12: Chemical Activition Analysis Input Parameters; Cyclopentadienyl Plus OH Reaction; High Pressure Limit Rate
Constants

Reactants Products A(s? or cm’/(mol*s) n Ea.( Kcal/mol)
1 CY13PD5+OH CYC5H50H 1.51E13 0.0 0.0
-1 CYC5H50H CY13PD5+0OH 1.09E15 0.0 74.12
2 CYC5HSOH CYC5H4OH+H 6.00E14 0.0 77.94
-2 CYC5H40H+H CYC5H50H 4.62E13 0.0 0.0
3 CYCSH50H CYC5H50.+H 1.09E16 0.0 103.66
-3 CYC5H50.+H CYC5HSOH 4.08E15 0.0 0.0
4 CYC5HSOH CYPD10OH 1.34E11 0.0 28.5
-4 CYPDIOH CYC5H50H 1.19E11 0.0 31.75
5 CYPD1IOH CYPD10O.+H 6.00E14 0.0 87.43
-5 CYPD1O.+H CYPD1OH 1.21E14 0.0 0.0
6 CYPDIOH CYPD20OH 1.34E11 0.0 30.5
-6 CYPD2OH CYPD1OH 7.40E10 0.0 28.91
7 CYPD2OH CYPD20.+H 6.00E14 0.0 87.44
-7 CYPD20O.+H CYPD20OH 1.19E14 0.0 0.0
Adducts Frequency/Degeneracy (CPFIT) Lennard-Jones parameter

Geometry Mean/ Degeneracy o (A) ek (K)
CYCSHSOH 654.0/14.476 1561.9/11.26  3613.3/3.765 55 450
1134.0/29.5
CYPD10OH 670.1/14.800 1587.7/10.994  3999.3/3.705
1156.6/29.5
CYPD2OH 612.9/12.603 1581.0/13.793  3999.8/3.104
1162.9/29.5

Species and note

CY13PDS. is cyclopentadienyl radical
CYC5HS50H is cyclopentadienol
CYC5H40H is cyclopentadienol-1yl radical
CYCSHS0. is cyclopentadiene oxy radical
CYPDIOH is cyclopentadiene-lol
CYPDI10. is cyclopentadiene-loxyl
CYPD2OH is cyclopentadiene-2ol
CYPD2O. is cyclopentadiene-2oxyl

References for high pressure limit rate constants and comments

k1 A1=151EI13 Ea = 0.0 as allyl plus OH; [1] R = 1.388E-2; dU = -74.12

k-1 A-1=1.08E15 MR; E-a =-dU=174.12

k2 A2=600El4 as cyclopentadiene to cyclopentadienyl plus H; [2] R = 13; Ea =dU =77.94
k-2 A-2=4.62E13 MR; E-a=0.0

k3 A3=109El6 as phenol to phenoxy plus H; [3] R = 2.671; Ea = dU = 103.66

k-3 A-3=4.08E15 MR; E-a=0.0

k4 A4=134Ell TST; Ea=28.5; [4] R=1.125; dU=-3.25

k-4 A-4=1.19E11 MR; E-a=28.5 -dU=31.75

k5 A5=6.00E14 as cyclopentadiene to cyclopentadieny! plus H; 2] R =4.97; Ea=dU=87.43
k-5 A-5=121El4 MR; E-a=0.0

k6 A6=134E11 TST; dU =1.59; R = 1.81; Ea = 30.5; [4]

k-6 A-6=7.40E10 MR; E-a=2891

k7 A7=6.00El4 as cyclopentadiene to cyclopentadienyl plus H; [2] R = 5.028; Ea = dU = 87.44
k-7 A-7=1.19E14 MR;E-a=0

R=A/A,
MR; Microscopic Reversibility
TST; Transition State Theory

Units: Ea and dU in kcal/mol; for bimolecular reaction, A and AT® in cm® mole™ sec” , for unimolecular
reaction, A and AT" in sec™.

Tsang. W; J. Phys. Chem. Ref. Data, 1991, 20, 221-274

Ritter E.R., Bozzelli, ] W.; J. Phys. Chem. 1990, 94, 2493

Manion, J.A.; Louw, B. J.. Phys. Chem. 1989,93,3563

Melius.C, Coluin, M.C., Marinov.N., Pitz,W., Senkan,S., Twenty-Sixth Symp (Int'l) on Combustion
1996, pp 234

badioadl il ol

dienyl reaction with oxygen molecules are shown in Figures 3 Table 17. This ring-opening reaction is an important path in
and 4, where formation of the stabilized peroxy adduct is only the overall oxidation of benzene and substituted benzene, where
ca. 13 kcal/mol exothermic due to loss of resonance. cyclopentadienyl radical is the direct product of phenoxy
Input parameters for the cyclopentadienyl oxidation reactions degradation and is present in high concentrations relative to other
and respective references are listed in Tables 2 and 4. Tablesactive species. The chemical activation analysis shows that
3—-5 show the estimated rate constant of cyclopentadienyl reaction of cyclopentadienyl with{3erves as an important path
oxygen reaction from 900 to 1300 K. Figure 5 shows the tolinear C5 and C4 species. The stabilized 2-pentenedialdehyde
calculated rate constants for major products vs IDO&Y radicals can further react with,Qo form smaller oxides.
atmosphere pressure. Important rate constants calculated by the The 2-pentenedialdehyd-1-yl radical@*C=CCC=0) can
QRRK/falloff code (chemdis) are listed in the submodel, and undergo an internal 1,5 H shift via a six-member-ring transition
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TABLE 13: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with OH Radical

Rate constants k = A T" exp(-Ea/RT)

Reactions A n Ea
CY13PDS5. + OH = CYC5H50H 6.49E14 -0.85 -2.73
CY13PD5. + OH= CYC5H40H + H 3.51E57 -12.18 48.35
CY13PD5. + OH = CYPDIOH 1.15E43 -8.76 18.73
CY13PD5. + OH=CYPDIO. +H 2.22E69 -15.58 60.99
CY13PDS5. + OH = CYPD20H 1.06E59 -13.08 33.45
CY13PD5. + OH = CYPD20Q. + H 5.94E82 -19.33 71.55
CY13PD5. + OH = CYC5H50. + H 1.36E51 -10.46 57.10
CYC5H50H =CYC5H50. +H 7.89E35 -6.33 110.65
Rate constants (log k) vs Temperature

Reactions \ Temperature K 900 1000 1100 1200 1300
CY13PD5. + OH = CYC5H50H 12.958 12.859 12,764 12.685 12.622
CY13PDS5. + OH = CYC5H40H + H 9.819 10.430 10.893 11.233 11.483
CY13PD5. + OH = CYPD1OH 12.622 12.677 12.686 12.664 12.623
CY13PD5. + OH = CYPD10. +H 8.516 9.278 9.852 10.273 10.582
CY13PD5. + OH = CYPD20OH 12.248 12.463 12.586 12.644 12.659
CY13PD5. + OH = CYPD20. + H 8.281 9.130 9.756 10.209 10.538
CY13PD5. + OH = CYC5H50. + H 6.363 7.270 7.973 8.521 8.959

Units: Ea and U in keal/mol; for bimolecular reaction, A and AT" in cm® mole™! sec” , for unimolecular
reaction, A and AT" in sec™.

Collision partner, N2

H rxn(298) kcal/mol Cyclopentadienyl radical + HO2 reaction

60 .
s Q o 14

0.

v v v W
H, CYPD20.
@ +HO2 0- 434 @,o.
+OH +OH 12+
B > ke

40 CYPD10.

oo ® = CPDOOH ® CYPDONE + H20
8l ® =>CPD200H

A =>CPD30OH
-

20

CPDOOH

66

log k
[+;]

_._—_'____

T Q

11
0 ®7 L | CYPDSO?)?«[H 4 _‘_‘_'_'_‘ _______ & ———— ¢ ————— d

+H20

= oo ¥ =>CYC5H50. + OH
-850 T— -504 2 € =>CYPD10.+OH
® =>CYPD20.+OH
Figure 12. Potential energy level diagram for cyclopentadienyl radical ol
association with H@ The energized cyclopentadienyl hydroperoxide A———bh———A———— A ——— -
will dissociate to cyclopentadienoxy radical plus hydroxyl radical or
dissociate to KD plus cyclopentadienone through low-energy channels 2 : ! : ' . : '
before being collision stabilized. 075 080 085 09 095 1.00 105 110 1.15
1000/ T
state with an estimated activation enefgy= 1 (ring strain) Figure 13. Rate constants of cyclopentadienyl radical combination

+ 12 (abstraction} 13 kcal/mol to form 2-pentenedialdehyd- ~ With HO; calculated by QRRKS collision analysis; lod() vs 10001
5-yl radical (=CC=CCC=0), Figure 4. Transition-state & aimospheric pressure.
analysis shows that this reaction path has aAofactor due to
loss of three rotors.

Reaction of @ with cyclopentadienyl radical is important.

reaction channel, Figure 6. A second reaction pathway is
ring-opening to 2,4-pentadienal-5-yl, a vinylic radical
The reaction forms an energized adduct which is either stabilized (€ —CC=CC=0). This energized intermediate has ca. 64 kcal/
or dissociates back to reactants; only a small fraction of the MOl €xcess energy above its ground state and can isomerize to
collisions lead to further reaction. The two reactants are, the lower energy, resonance-stabilized, 2,4-pentadienal-1-yl
however, present in relatively high concentrations in a typical adical (GCC=CC=0). This 2,4-pentadienal-1-yl radical
aromatic oxidation process, and a pseudoequilibrium exists. The(C—=CC=CC=O0) will dissociate to CO plus butadieny! radical.
continued combination/dissociation process leads to conversionT € 2,4-pentadienal-5-yl radical f€CC=CC=0) can also
via the fraction of reactions that undergo intramolecular addition Undergags scission reaction to form acetylene plus 2-propenal-
of the energized peroxy radical to the unsaturated carbons and*-Yl radical (C=CC=0). These reactions are exothermic with
further reaction. energy barriers below the entrance channel. The branching ratio
Reaction with Oxygen Atoms. OGP) addition to cyclopen- is determined by the entropy (tightness) of transition states.
tadienyl radical forms the energized cyclopentadienoxy radical These reactions are limited by oxygen atom concentration
adduct (CYC5H5) with ca. 73.8 kcal/mol excess energy above and will have important contribution to the combustion system
the ground state; this adduct can undefgarission (elimination under fuel-lean and stoichiometric conditions at high temper-
reaction) to the H atom plus cyclopentadienone as one importantatures. The input high pressure limit rate constant parameters
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TABLE 14: Chemical Activition Analysis Input Parameters; CY13PD5* + HO, Reaction; High Pressure Limit Rate Constants

High Pressure Limit Rate Constants

Reactants Products A(s" or cm®/(mol*s) n Ea.( Kcal/mol)
1 CY13PD5.+HO2 CPDOCH 1.80E13 0.0 0.0

-1 CPDOOH CY13PD5.+HO2 7.07E14 0.0 50.79

2 CPDOOH CYC5H50.+0OH 4.00E15 0.0 44.27

-2 CYC5H50.+OH CPDOOH 1.34E14 0.0 0.0

3 CPDOCH CYPD20OCH 1.34E11 0.0 32.62

-3 CYPD20OOH CPDOOH 2.19E11 0.0 28.5

4 CYPD2OOH CYPD10. + OH 4.00E15 0.0 20.68

-4 CYPD10O. + OH CYPD20OOH 3.90E13 0.0 0.0

5 CYPD2OOH CYPD30OH 1.34E11 0.0 32.08

-5 CYPD3OOH CYPD20OH 7.38E10 0.0 30.5

6 CYPD3OOH CYPD20. + OH 4.00E15 0.0 20.70

-6 CYPD20. + OH CYPD30OH 3.86E13 0.0 0.0
7 CPDOOH CYPDONE + H20 2.00E12 0.0 40.4
-7CYPDONE+H20 CPDOOH 1.14E12 0.0 98.7
Adducts Frequency/Degeneracy (CPFIT) Lennard-Jones parameters

Geometry Mean/ Degeneracy o (A) e/x (K)
CPDOCH 250.1/5.58 937/19.454 2518.6/6.966 52 425
923/32.
CYPD20OOH 610.8/17.516  1629.0/11.121 3533.7/3.362
1033.3/32.0
CYPD30OH 578.9/16.096 1640.8/13.020  3995.4/2.883
1052.7/32.0
Species and note

CY13PD5. is cyclopentadienyl radical
CPDOOH is cyclopentadienylicperoxide
CYCSHS5O0. is cyclopentadiene oxy radical
CYPD20OH is 2-cyclopentadienylicperoxide
CYPDIO. is cyclopentadiene-1oxyl
CYPD30OH is 3-cyclopentadienylicperoxide
CYPD2O0. is cyclopentadiene-2o0xyl
CYPDONE is cyclopentadienone

References for high pressure limit rate constants and comments

k1
k-1
k2
k-2
k3
k-3

A 1=1.80E13
A-1=7.08E14
A 2=4.00E15
A-2=134E14
A 3=1.34E11
A-3=2.19E11
A 4=4.00E15
A-4=3.90E13
A 5=1.34E11
A-5=7.38E10
A 6=4.00E15
A-6=3.86E13
A 7=2.00E12
A-7=1.14E12

R=A¢/ A,
MR; Microscopic Reversibility
TST; Transition state theory

Ea =0.0; from CH3 + HO2; {1] R = 2.544E-2; dU = -50.79

MR; E-a =50.79

CH30QO0H -> CH30. + OH, [1] R = 29.85; Ea=dU =44.27
MR; E-a=0

TST; R=0.6107,dU=4.12; Ea=4.12 + 28.5=32.62

MR; E-a=285

CH300H -> CH30. + OH; [1] R=102.6; Ea=dU =20.68
MR; E-a=0

TST;, R=1.816; dU = 1.58; Ea = 1.58 + 30.5 = 32.08

MR; E-a=30.5

CH30O0H -> CH30. + OH ;[1] R=103.6; Ea=dU =20.70
MR; E-a=0

TST; R=1.75; dU=-58.3; Ea=40.4

MR; Ea=98.4

Units; Ea and dU in kcal/mol, for bimolecular reaction; A and A T B in cm® mole™ sec” and for
unimolecular reaction; A and A T 2 in sec’

1

Baulch,D.L.; Cobos,C.J.; Cox,R.A.; Esser,C.; Frank,P.; Just, Th.; Kerr,J.A.; Pilling, M.1.; Troe,J.;

Walker, R W.;

Warnatz, J.; J. Phys. Chem. Ref. Data 1992, 21, 411-429

are listed in Table 6. The calculated rate constants at tion energyE, = 43.75 (dU) + 7 (addition)= 50.75 kcal/mol.
atmospheric pressure are listed in the Table 7a. The subsequent reaction of this aldehyde radical is discussed
The pyran-1-yl radical (CYC50DEmay be formed as an  above. The QRRK calculation shows that this reaction channel
additional product, Figure 6b. The cyclopentadienoxy radical is not important compared with thfescission reaction (H atom
can form the cyclopenten-3,4-epoxy-5-yl radical (BICYC5HBO  elimination). The input high pressure limit parameters are listed
with an estimated 6 kcal/mol activation energy. The cyclo- in Table 8. The calculated rate constants at atmospheric
penten-3,4-epoxy-5-yl internal-C bond cleavage leads to the pressure are listed in the Table 9. Figure 7 shows the
pyran-1-yl radical with an estimated activation energy of 12 calculated rate constants of major products vs IDO&
kcal/mol. The pyran-1-yl radical is resonance stabilized and atmosphere pressure.
can continue to react with 0o form smaller oxides. The Cyclopentadienyl Radical and H atom Association Reac-
pyran-1-yl can also undergo ring-opening reaction leading to tion. The association of the hydrogen atom with cyclopenta-
2,4-pentadienal-5-yl radical (€CC=CC=0) with an activa- dienyl radical initially forms an energized cyclopentadiene. The
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TABLE 15: QRRK Calculated Rate Constants for Cyclopentadienyl Radical Association with HQ Radical

Rate constant k = A T" exp(-Ea/RT)

Reactions A n Ea
CY13PD5. + HO2 = CPFDOOH 1.08E50 -11.88 9.21
CY13PD5. + HO2 = CPD200OH 1.54E27 -6.73 4.34
CY13PD5. + HO2 = CPD30OOH 1.13E06 -2.26 -2.12
CY13PD5. + HO2 = CYC5H50. + OH 6.27E29 -4.69 11.65
CY13PD35. + HO2 = CYPD1O. +OH 5.53E45 -10.35 18.05
CY13PD5. + HO2 = CYPD20O. +QH 1.16E24 -5.62 12.19
CY13PDS. + HO2 = CYPDONE + H20 1.19E33 -6.52 13.40
CPDOOH = CYC5H50. + OH 7.20E65 -15.51 63.69

Rate constant (log k) vs Temperature

Reactions \ Temperature K 900 1000 1100 1200 1300
CY13PD5.+HO2=CPDOOH 12.684 12.374 12.056 11.754 11,481
CY13PD5.+HO2=CPD200OH 6.235 6.038 5.840 5.655 5.487
CY13PD5.+HO2=CPD300H -0.122 -0.269 -0.412 -0.535 -0.637
CY13PD5.+HO2=CYC5SH50. + OH | 13.114 13.188 13.220 13.234 13.240

CY13PD5.+HO2=CYPD10. +OH | 10.789 10.761 10.685 10.590 10.491
CY13PD5.+HO2=CYPDONE+H20 | 10.557 10.590 10.581 10.554 10.521
CY13PD5.+HO2=CYPD20O. +OH | 4.485 4.530 4.534 4.521 4.503

Units; Ea and U in kcal/mol, for bimolecular reaction; A and A T M in cm3 mole! sec] and for
unimolecular reaction; A and A T M in sec’!

Collision partner, N2
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Figure 14. Comparison of model prediction with experimental data g e 15, Comparison of model prediction with experimental data
on benzene oxidation at constant temperature. Product levels reporte(En benzene oxidation at constant temperature. Product levels reported
by Lovell et al- (symbols), at 1 atm pressure, 1097 K (average) p | gyell et al® (symbols), at 1 atm pressure, 1100 K (average)

temperature¢ = 1.36, (fuel rich). Lines are model prediction. temperatureg = 1.0, (stoichiometric). Lines are model prediction.

lowest energy dissociation reaction channel accessible to the

energized cyclopentadiene is the reverse reaction, back to thepentadiene diradical (€CC=CC. AH;°@20g= 113.4 kcal/mol)

H atom plus cyclopentadienyl radical. Other elimination is endothermic, relative to the reactants.

pathways such as molecular elimination tpphus a cyclic 1,3 Melius?® has shown that the H atoms of the* garbon of

vinyl acetylene or cyclic allene, and cleavage of a resonance- CyC5H6 can undergo isomerization reaction (move around the

stabilized vinyl C-H or C—C bond all have endothermicities  ring) with anE; only on the order of 30 kcal/mol, well below

(relative to the stabilized adduct) of about 100 kcal/mol. the energy of the cyclopentadiene formed. This isomerization
The H atom combination reaction is exothermic7@ kcal/ does not lead to new products.

mol), and the QRRK analysis indicates that this reaction leads The potential energy level diagram is shown in Figure 9. The

to collision stabilization. Ritter et &F estimate the rate constant input high pressure limit rate constants are listed in Table 10.

for the reverse reaction. Cyclopentadiene dissociation to The QRRK analysis shows that the dissociation reaction (the

cyclopentadienyl plus H has a rate constkrt 5.96 x 1014 reverse reaction of the association reaction) rate constant is very

exp(=75100RT). Ring-opening to a resonance-stabilized 1,4- close to its high-pressure limit (at atmospheric pressure), and

Reaction time ms
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TABLE 16: Submodel of Cyclopentadiene Oxidation

Reaction A n Ea Ref
CY13PD + HCO = CY13PD5. + CH20 1.08E08 1.9 160000 a
CY13PD + HO2 =CYC5H7_1+02 1.33E15 -1.07 95300 b
CY13PD + HO2 = CY13PD5. + H202 1.10E04 2.6 129000 a
CY13PD + Q2 = CY13PD5. + HO2 4.00E13 0.0 371500 a
CY13PD + OH =DALLYOH 8.18E12 -0.07 850.0 b
CY13PD + OH =(C2H2 + C=CC.OH 1.40E20 -1.81 290400 b
CY13PD + OH = CY13PD5. + H20 3.08E06 2.0 0.0 a
CYI13PD+O =CY13PD5. + OH 4777E04 2.71 11060 a
CYI3PD +0O =C5H501_1+H 891E12 -0.15 5900 b
CYI3PD+ O =C5H501_2+H 5.60E12 -0.06 2000 b
CY13PD+ 0O =C.C=CC=C=0+H 8.70E51 -11.09 332400 b
CY13PD + C6H5 = C6H6 + CY13PD5. 0.10E00 4.0 00 a
CY13PD + C=CC=C. = C=CC=C + CY13PDS5. 0.12E00 4.0 00 a
CYI3PD + C=CC. =C=CC+ CY13PDs. 0.20E00 4.0 00 a
CY13PD + C2H3 = C6H6 + CH3 2.12E67 -16.08 426400 b
CY13PD + C2H3 = CY13PD3. + C2H4 0.12E00 4.0 00 a
CY13PD + CH3 = CY13PD5. + CH4 0.18E00 4.0 00 a
CY13PD +H =CYC5H72 2.44E73 -17.85 315000.0 b
CY13PD +H =CYC5H7_1 1.10E-3 357 -14070.0 b
CYI3PD +H =C2H2 + C=CC. 7.74E36 -6.18 328900 b
CY13PD +H =C=CC=CC. 3.03E12 -0.8 29100 b
CY13PD +H =C=CC.C=C 1.14E14 -0.16 31000 b
CY13PD +H =CY13PD5. + H2 1.20E05 2.5 14920 a
CY13PD =CY13PD5. +H 5.96E14 0.0 751000 b
CY13PD5.+ C=CC=0= C=CC.=0 + CY13PD 1.00E13 0.0 88430 a
CY13PD5.+ HO2 =CYCSH50. + OH 6.27E29 469 116500 b
CY13PD5.+ HO2 = CPDOCH 1.08E50 -11.88 92100 b
CY13PD5.+ 02 = CPDOO. 7.31E07 0.08 95700 b
CY13PD5.+ O2 =COC=CC.CO 2.94E10 -0.53 2600.0 b
CY13PD5.+ 02 =C.0C=CCCO 1.27E06 0.60 221400 b
CY13PD5.+ 02 = C=CC=C=0 +HCO 1.16E19 -248 10970.0 b
CY13PD5.+ 02 =COC=CKET +H 6.85E08 0.51 79800 b
CY13PD5.+ OH = CYC5H40H + H 3.51E57 -12.18 483500 b
CY13PD5.+ OH = CYC5H50H 6.49E14 -0.85 -27300 b
CY13PD5.+ OH = CYPDIOH 1.15E43 -8.76 18730.0 b
CY13PD5.+ OH = CYPD20OH 1.O6E59 -13.08 334500 b
CYI3PD5.+ O =C2H2 + C.=CC=0 8.22E-6 5.19 4600 b
CY13PD5.+ O =C.0C=CC=C 7.18E02 1.54 -140600 b
CYI3PD5.+ 0O =C=CC=C. +CO 3.20E13 -0.17 4400 b
CY13PD5.+ O =CYPDONE +H 5.81E13 -0.02 200 b
CY13PD5.+ O = CYC5H50. 1.12E-12 587 -173100 b
CY13PD5.+C=CC = CPDC=C+CH3 149E11 -0.06 297900 b
CY13PD5+C2H3 =CPDC=C 4.82E13 0.0 0.0 1]
CY13PD5.+ CH3 = CH3CY24FD 1.85E60 -13.76 256400 b
CY13PD5.+ CH3 =H+CYC5H4CH3 4.96E58 -12.80 50650.0 b
CY13PD5.+ HO2 =CYPDONE + H20 1.19E33 -6.52 134000 b

Units: Ea and U in cal/mol, for bimolecular reaction ; A and AT" in cm® mole™ sec” and for unimolecular
reaction A and AT" in sec”.

k = A T" exp(-Ea/RT) in a range of temperature, ~ 900 - 1300 K

a ,Abstraction reaction. The rate constants are estimated in this work. We choose the corresponding
abstraction reaction rate constant of propene or propane from literature '>. and adjust Ea down by 1
keal/mol for increased exothermicity *

b, The QRRK calculated rate constant
Reference

1, Tsang W. J. Phys. Chem. Ref. Data. 1991, 20, 221
2, Tsang W . J. Phys. Chem. Ref. Data. 1988, 17, 887
3, BaulchD.L,; Cobos.C.J.;Cox,R A.; Esser,C.; Frank,P.; Just,Th.; Kerr,J.A.; Pilling,
M.J.; Troe,J.; Walker,R. W.; Warnatz,J.; J. Phys. Chem. Ref. Data. 1992, 21,411
4, Dean, AM,; Bozzelli, J W.; Combustion Chemistry, 2nd edition, W.M. Gardiner, editor, 1998

therefore this combination reaction is an important reaction isomers are stable and are formed. The energized cyclopenta-
pathway for cyclopentadiene formation when H atom levels are dienol can also dissociate back to reactants, to cyclopentadienol-
significant. Ring-opening is not an important reaction (about 1-yl radical (C5H40H) plus H and cyclopentadienoxy radical
10710 that of the combination reaction). Calculated rate (CYC5H50) plus a H. Each of the H atom elimination
constants are in Table 11. channels are endothermic. The stabilization and isomerization
Reaction with Hydroxyl Radical. Association of hydroxyl reactions are the important reaction paths. The potential energy
radical with cyclopentadienyl radical forms cyclopentadienol level diagram for cyclopentadienyl plus OH reaction is illustrated
with 74 kcal/mol excess energy. This energized adduct canin Figure 10; the input high-pressure limit parameters and
isomerize to cyclopentadien-1¢8land cyclopentadien-2-ol  respective references are listed in Table 12. The calculated rate
before being collision stabilized, Figure 10. Both of these constants are shown in the Figure 11 and listed in Table 13.



3554 J. Phys. Chem. A, Vol. 102, No. 20, 1998 Zhong and Bozzelli

TABLE 17: Major Reaction Pathways and Rate Constants of Cyclopentadienyl Radical Reactions at Atmospheric Pressure
(900-1300 K) in the Form k = AT" exp(—E4/RT) (Ea = kcal/mol)

CY13PD <> CYI3PD5. +H k=5.96 10" exp( -75.1/RT) s’
CYI13PD5. +H <> CYI3PD k=9.9110" T2 exp( -9.79/RT) cm™ mol' s’
CYI3PD5. + O, <->2-pentenedialdehyde-4yl k=2.9410"°T *% exp(-2.60/RT) cm™ mol' s*
CY13PDS. + O, <-> 2-pentenedialdehyde-1yl k=127 10%T "% exp(+2.14/RT) cm” mol' 5™
CY13PD5. + Q, <->vinyl ketene + HCO k=116 10" T ** exp(-10.97/RT) cm™ mol' 5™
CY13PDS. + O, <-> cyclopentadienoxy + O k=773 10T *" exp(-48.74/RT) cm™ mol' s
CY13PD5.+0, <->3 ketenc 2 propylene aldehyde + H  k =6.85 10%® T ***' exp( -7.98/RT) cm™ mol' s
CYI3PD5.+0  <-> | butadienyl + CO k= 2.54107 T"" exp( -2.19/RT) cm> mol” s*
CY13PD5. + OH <-> cyclopentadiene-1ol k=1.15 10" T * exp(-18.73/RT) cm> mol' s*
CY13PD5. + OH <-> cyclopentadiene-2ol k=1.06 10® T exp(-33.45/RT) cm™ mol* s*
CY13PD5 + HO, <-> cyclopentadienoxy + OH k=6.27 10° T *% exp(-11.65/RT) cm™ mol' s’
CY13PDS5. + HO, <-> cyclopentadienone + H;O k=1.19 10° T ** exp(-13.40/RT) cm” mol' s’
BENZENE OXIDATION overall reaction process via subsequent fast abstraction and
5000 addition reactions.
ad One other channel with some importance is elimination of
E 4000 1" ® Benzene //. H,0O with formation of cyclopentadienone, which has a lower
g 3000- ®m o //. Afactor than RG-OH bond cleavage. The input high pressure
B 000 I ~m limit parameters and respective references are listed in Table
w s 14. The rate constants calculated by the QRRK calculation are
S 1000 - e °_ o o listed in Table 15 and shown in Figure 13. The submodel is
2 Ll " listed in Table 16, while Table 17 lists the more important
| . | | . [ \ ) | cyclopentadienyl reaction paths and rate constants evaluated in
0 20 40 60 80 100 120 140 160 180 this study.
Reaction Time ms Comparison with Experimental Results. The cyclopenta-
diene oxidation kinetic data of this study are included in an
160 aromatic compound combustion mechanism and used to describe
cyclopentadienyl formation, oxidation, and the C5 C4
£ 120 | Cyclopentadiene : ; ; : : e
g conversion process. Benzene oxidation studies using conditions
s 80 reported by Lovell et al.are selected because cyclopentadiene
8 is identified as an intermediate, and its concentration vs reaction
; w0l time is reported at three fuel equivalence ratios. These
2 experiments on benzene oxidation report carbon monoxide levels
oL as the primary product, and CO is also modeled to help validate
our kinetic analysis on cyclopentadienyl oxidation.

0 20 40 60 80 100 120 140 160 180 The model successfully reconstructs the experimental obser-
Reaction time ms vations of benzene loss and cyclopentadiene plus carbon
Figure 16. Comparison of model prediction with experimental data monoxide formation; data are shown in Figures-14 for fuel-
on benzene oxidation at constant temperature. Product levels reportedtich stoichiometric and fuel-lean conditions, respectively. The
tbeyng\r/s:ert;il é?’ént(’fou'zl)'leztn)l fimsp;fisrﬁfdeﬂl?f di*éti(()?q"erage) model shows excellent agreement for the major species benzene
P o ' P ' and carbon monoxide loss and formation, but overpredicts the
much lower (factor of 100) cyclopentadiene levels at longer
times by 26-30 ppm, approximately a factor of 2. Here the
cyclopentadiene is a minor product, less than 2% of the initial

The cyclopentadienol isomers are important intermediates in
the cyclopentadiene oxidation process. The cyclopentadienol
and the cyclopentadienol-1-yl radical (C5H40H) will be the fuel

|mportar_1t products at high tempergture (above 1.100_K). The model analysis shows that both phenoxy degradation and
Reaction with Hydroperoxyl Radical. The combinationof  ¢yclopentadienyl oxidation contribute to carbon monoxide
cyclopentadienyl radical with hydroperoxyl radical is one of formation. Analysis indicates that the cyclopentadienyl oxida-
the important reactions in our proposed benzene oxidationtion serves as the primary reaction pathways convertigg C
mechanism at temperatures below 1300 K. One path serves agyclics to linear species. The linear dialdehyde radical and other
a pseudo chain branching (acceleration) reaction; it transforms oxygenated radical products continue to react wight@form
two relatively nonreactive (resonance-stabilized) free radicals |ower molecular weight intermediates and final products includ-
into active OH and cyclopentadienoxy radicals. The nonreactive jng carbon monoxide. Stable products such as cyclopentadiene,
radicals, HQ, and cyclopentadienyl may build up to relatively  cyclopentadienone, and cyclopentadiene alcohols react with the
high concentrations at temperatures up to 1300 K. Dissociation radical pool, through both addition and abstraction reaction
of the hydroperoxide adduct via the weak ROH bond is paths.
important. Our model shows good agreement with the experimental
The potential energy level diagram for cyclopentadienyl plus observations, with no optimization or adjustment performed to
HO; is illustrated in Figure 12; the combination of the two fit this specific experimental data set. This agreement with
radicals forms an energized cyclopentadienyl peroxide molecule experimental results on intermediates in benzene oxidation
with ca. 54 kcal/mol excess energy above its ground state. It provides some support for our analysis on the major reaction
can rapidly dissociate to cyclopentadienoxy radical and hydroxyl pathways and rate constants of cyclopentadienyl radical reactions
radical through a low-energy channel, which has a Widactor in combustion environments. It would be helpful to have data
due to the loose transition state. The hydroxyl radical is more on cyclopentadiene oxidation to further test the model. Ad-
reactive than hydroperoxyl radical and serves to accelerate theditional evaluation of our model for oxidation of aromatics will
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be included in comparisons on the more extensive experimental
data in the literature on benzene, phenol, toluene, and anisol

pyrolysis and oxidation.

Summary
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93, 664.
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Reaction paths and pressure-dependent rate constants for (14) Lin, C.-Y.;Lin, M. C.Int. J. Chem. Kinet1985 17, 1025.

cyclopentadienyl radical association reactions with H and O
atoms, OH, H@, and Q have been evaluated using thermo-

chemical kinetics: quantum RRK theory fi(E) and modified

strong collision for falloff. Important pathways lead to linear

and cyclic oxygenated products that also contain significant
resonance stabilization. A submechanism for cyclopentadienyl
reactions with this radical pool is presented. This cyclopenta-
dienyl oxidation submechanism provides pathways for cyclo-

pentadienyl conversion to linear and cyclig & linear G and
lower carbon number species.

Important reaction paths for reaction with @e below 1x
10 ¢cm® mol~* st and involve formation of vinyl ketene-

formyl radical and linear pentenedialdehyde radicals. Peroxy
radical formation is rapid, but reverse unimolecular dissociation
Reaction with O atoms leads primarily to
cyclopentadienong- H atom, but the channel to linear buta-
dienyl + CO is also important. Association reaction with OH

is also fast.

(15) Olivella, S.; Sole, G.; Raso, Al. Phys. Chem1995 99, 10549.

(16) Lin, R.; Morokuma, K.; Mebel, A.; Lin, M. CJ. Phys. Chen1996
100, 9314.

(17) Venkat, C.; Brezinsky, K.; Glassman, Nlineteenth Symposium
(Int'l) on Combustion The Combustion Institute: Pittsburgh, PA, 1982;

143-152.

(18) Wang, H.; Brezinsky, KJ. Phys. Chem1998 102, 1530.

(19) Bittker, D. A.Combut. Sci. Technol991], 79, 47.

(20) Davis, S. G.; Wang, H.; Brezinsky, K.; Law, C. Kwenty-Sixth
Symposium (Int'l) on Combustipithe Combustion Institute: Pittsburgh,
PA, 1996; pp 10251033.

(21) Tan, Y.; Frank PTwenty-Sixth Symposium (Int'l) on Combustion
The Combustion Institute: Pittsburgh, PA, 1997; pp 6884.

(22) Emdee, J. |.; Brezinsky, K.; Glassman].IPhys. Cheml992 96,
2151.

(23) Brezinsky, K.Prog. Energy Combust. Sci986 12, 1—24.

(24) Moskaleva, L. V.; Mebel, A. M.; Lin, M. C.Twenty-Sixth
Symposium (Int'l) on Combustipithe Combustion Institute: Pittsburgh,
PA, 1996; p 521.

(25) Melius, C.; Colvin, M. E.; Marinov, N.; Pitz, W. M.; Senkan, S.
Twenty-Sixth Symposium (Int'l) on Combustidine Combustion Insti-
tute: Pittsburgh, PA, 1996; p 685.

(26) Ritter, E. R.; Bozzelli, J. W.; Dean, A. M. Phys. Chem199Q

results in hydroxyl cyclopentadiene isomers and some hydroxyl- 94, 2493.

cyclopentadienyl radical plus H atom. Reaction with HO
results in OH+ cyclopentadieneoxy radical and,® plus

cyclopentadienone. Limited modeling predications show rea-

(27) Lay, T. L.; Yamada T.; Bozzelli J. Wl. Phys. Chem1997, 101,
2471,

(28) Lay, T. L.; Bozzelli, J. WJ. Phys. Chem1997 101, 9505.

(29) Lay, T. L.; Bozzelli, 3. WChem. Phys. Lettl997 268 175.

sonable agreement with product formation and reactant loss data (30) (a) Lay, T. L.; Bozzelli J. W.; Dean A. M.; Ritter, E. R. Phys.

from several experiments for benzene and aromatic oxidation.
Cyclopentadiene and carbon monoxide are the important stabl

products of this submodel.

Results of our reaction pathway analysis indicate that there
is a need for kinetic data for oxidation of the alcohol, aldehyde,
and ketene species that result from the cyclopentadienyl

oxidation steps presented.
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