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The initial steps in fuel consumption and formation of single-ring aromatic species in a fuel-rich, 
non-sooting premixed laminar cyclopentene flame (φ = 2.0) at 37.6 Torr (50 mbar) are studied by 
flame-sampling photoionization molecular-beam mass spectrometry utilizing vacuum-ultraviolet 
synchrotron radiation. Experimental mole fraction profiles of important combustion intermediates 
are determined. The isomeric compositions are resolved for most intermediates. A new model for 
cyclopentene flames is under development based in part on our new data. Experimental and 
modeled mole fraction profiles compare favorably. Preliminary modeling results for fuel-
consumption and benzene formation pathways are discussed. In addition, C5H5CCH/C5H4CCH2 
and cycloheptatriene are identified by comparison of photoionization efficiency measurements 
with simulations based on calculated ionization energies and Franck-Condon factors. This insight 
suggests a potential new route in the molecular-weight growth mechanism that is characterized by 
C5-C7 ring enlargement reactions. 

1. Introduction 

The formation of polycyclic aromatic hydrocarbons (PAHs) and soot is one of the most 
challenging chemical issues in combustion science today. The interest in this subject stems 
mostly from the fact that serious environmental concerns and health risks are associated with 
pollutant emissions from combustion devices. [1-3] A current focus in combustion chemistry 
research is the production of the “first aromatic ring” species as this may be the rate-limiting step 
in the formation of larger PAHs and soot. [4, 5] It is believed that resonantly stabilized radicals 
often accumulate to high concentrations and play a crucial role in aromatics formation.  

In view of the potential importance of C5 species in early soot formation processes, the present 
study is concerned with cyclopentene combustion chemistry under fuel-rich conditions. The fuel 
cyclopentene is attractive for studies because the abstraction of hydrogen atoms forms several 
key flame intermediates in high concentrations, including the cyclopentadienyl and 
cyclopentenyl radicals. The resonantly stabilized cyclo-C5H5 (cyclopentadienyl) radical is 
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believed to be an important intermediate supporting the growth of higher hydrocarbons, PAH, 
and soot in rich flames. [6-11]  

Nevertheless, investigations of the combustion chemistry of cyclopentene are scarce. McEnally 
and Pfefferle used non-premixed methane/air flames doped with cyclopentene to study 
hydrocarbon growth processes. [12] Lamprecht et al. [13] employed electron ionization mass 
spectrometry to study cyclopentene flames with different stoichiometries. Modeling efforts were 
undertaken later by Lindstedt and Rizos [6] and recently by Kamphus et al. [14]  

This study is concerned with the initial steps of fuel consumption and aromatic-ring formation in 
a laminar premixed cyclopentene flame: 

(a) The presence of C5H5CCH/C5H4CCH2 and cycloheptatriene is confirmed by comparison of 
photoionization efficiency measurements with simulations based on calculated ionization 
energies and Franck-Condon factors. The existence of C5H5CCH/C5H4CCH2 and 
cycloheptatriene points toward C5-C7 ring enlargement reactions [15] as potential new pathways 
in molecular-weight growth mechanisms.  

(b) The thorough analysis of the flame data provides profiles of single-ring aromatic species and 
their precursors. Mole fraction profiles are compared with predictions based on kinetic models. 
The results are discussed in regard to C5 oxidation processes and the role of C5 intermediates in 
PAH and soot formation.  

2. Experiment 

The experiment is carried out in a low-pressure premixed flame apparatus at the Chemical 
Dynamics Beamline at the Advanced Light Source (ALS) at the Lawrence Berkeley National 
Laboratory. The technique of flame-sampling molecular-beam photoionization time-of-flight 
mass spectrometry is fully described elsewhere. [16]   

The investigated flame is a cyclopentene/oxygen/25% argon flame with a fuel/oxygen 
equivalence ratio φ = 2.0 at a pressure of 37.6 Torr (50 mbar) and a cold-flow reagent velocity of 
54.7 cm/s. The flame is shielded by an Ar shroud gas, and cyclopentene from Sigma-Aldrich 
(96%) is used without further purification. 

Flame gases are sampled through the ~0.2 mm orifice of a quartz sampling cone on the flow axis 
of a flat-flame burner.  Translation of the burner toward or away from the quartz sampling cone 
allows mass spectra to be taken at any desired position within the flame. A skimmer placed 
downstream on the axis of the expanded jet forms a molecular beam that passes into the 
differentially pumped ionization region, where it is crossed by tunable vacuum ultraviolet light. 
The resulting photoions are separated by pulsed-extraction time-of-flight mass spectrometry and 
detected with a multi-channel plate. A multiscaler records the TOF mass spectra. 

3. Species Identification 

We identify various C7H6 and C7H8 isomers by comparing the experimental photoionization 
efficiency (PIE) spectra with theoretical simulations based on calculated ionization energies and 
Franck-Condon factors (FCF). The FCF calculations are carried out using a program developed 
by Winter and Zwier. [17] Input parameters are rovibrational properties which are obtained from 
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B3LYP/6-311++G** [18, 19] density functional calculations using the Gaussian 98 software 
[20] and unrestricted spin wavefunctions.  

3.1. Identification of C7H6 and C7H8 Isomers 
The photoionization efficiency curves for C7H6 and C7H8 are shown together with the results of 
the FCF analysis in Fig. 1. For both profiles, a threshold near 8.2 eV can be clearly seen. 
Calculated ionization energies of several isomers of C7H6 and C7H8 are also indicated. The 
theoretical ionization energies are obtained from an approximation to QCISD(T)/6-
311++G(3df,2pd) energies given by  E[QCISD(T)/6-311G**] + E[MP2/6-311++G(3df,2pd)] - 
E[MP2/6-311G**], with these energies obtained with the MOLPRO quantum chemistry package 
[21] and employing spin-restricted wavefunctions. 

Figure 1: Comparison between flame-sampled PIE curve for (a) m/z = 90 (C7H6) and (b) 
m/z = 92 (C7H8) with the PIE spectra simulated based on a Franck-Condon factor analysis 
and the cold-flow PIE spectrum of toluene. Calculated ionization energies of some isomers 

are indicated. 
For C7H6, the theoretical ionization energies of -CHCHCHCHC(C=CH2)- (8.20 eV) and 
-CH2CHCHCHC(C≡CH)- (8.23 eV) are well within the experimental and computational error 
limits of the observed threshold near 8.2 eV. For C7H8, the observed threshold near 8.2 eV can 
be explained by either the -C(CH=CH2)CHCH2CHCH- or the cycloheptatriene isomers, as the 
observed and calculated ionization thresholds are in very good agreement. 

Fig. 1(a) shows that the -CHCHCHCHC(C=CH2)- and the -CH2CHCHCHC(C≡CH)- isomers are 
hard to distinguish by Franck-Condon factor analysis. The calculated near-threshold PIE curves 
for both species look similar and fit the observed data between 8.2 and 8.75 eV quite well. 
However, the calculations suggest that we can rule out the presence of the 
-CHCHCH2CHC(C≡CH)- and -CHCHCHCHCH(C≡CH)- isomers.  

For C7H8, the Franck-Condon factor analysis reveals that the cycloheptatriene and the 
-C(CH=CH2)CHCH2CHCH- isomers are difficult to distinguish. The calculated near-threshold 
photoionization efficiency curves for both species look similar and fit the observed data between 
8.2 and 8.8 eV satisfactorily. The simulated PIE curve is shown for cycloheptatriene in Fig. 1(b). 
A similar fit can be achieved by considering the five-membered -C(CH=CH2)CHCH2CHCH- 
ring species. However, from the chemical point of view, it is puzzling why the 
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-C(CH=CH2)CHCH2CHCH- isomer should be the only detectable five-membered C7H8 species. 
The high H-atom concentration in the flame may favor H-atom migration around the five-
membered ring and at least the thermodynamically most stable -C(CH=CH2)CH2CHCHCH- 
(calc. IE = 7.92 eV) should also be detectable. [22] However, no signal is observed below 8.2 eV 
and we therefore conclude that signal above the observed threshold is due to the presence of 
cycloheptatriene.  

3.2. Flame Chemistry of C7H6 and C7H8 
We propose that the C7H6 isomers in the environment of the fuel-rich cyclopentene flame are 
likely formed by the C5H5 (cyclopentadienyl) + C2H2 (acetylene)  ⇄ C7H6 + H reaction. This 
reaction has been studied theoretically by Fascella et al. [15] Possible pathways forming the 
-CH2CHCHCHC(C≡CH)- isomer are less obvious. However, in the H-atom-rich environment of 
a fuel-rich flame it is conceivable that hydrogen atom migration around the cyclopentadiene ring 
takes place and converts the initial -CHCHCHCHCH(C≡CH)- isomer into the most stable 
-CH2CHCHCHC(C≡CH)- tautomeric species.  

Information about the combustion chemistry of cycloheptatriene is scarce. The reaction between 
benzene and methylene is a potential direct route leading to cycloheptatriene. It can also be 
formed by isomerization of C7H8 isomers, including toluene or five-membered ring species. [15]  

The C7H6 isomers are important intermediates in the formation of aromatic species in the fuel-
rich cyclopentene flame. C7H6 might react with acetylene to ultimately form indene, or H-atom 
addition might open a new route to a five-membered ring C7H7 radical species which undergoes 
isomerization to form the resonantly stabilized cycloheptatrienyl or benzyl radicals. [15] Both 
radical species are quite stable, and thus they are good precursor candidates for forming 
multiring structures including indene and naphthalene. [7, 8, 15]  

4. Flame Analysis and Combustion Chemistry Model 

Besides the species identification, the goals of the experimental part of this study are to 
determine mole fraction profiles of many key intermediates to assist in kinetic modeling and to 
help identify the main decomposition pathways of cyclopentene and the main routes toward 
formation of small aromatic hydrocarbons. Mole fraction profiles are derived according to the 
method described by Cool et al. [23] The mole fractions for species with well known 
photoionization cross sections have a probable uncertainty of ±40%. When estimated 
photoionization cross sections are used, for example for cyclo-C5H5 and fulvene, the mole 
fractions should be correct within a factor of two to four. This level of accuracy is sufficient for 
many kinetic modeling purposes.  

4.1. Flame Chemistry and Preliminary Modeling Results 
A reaction set with kinetics, thermochemistry, and transport properties is under development for 
high-temperature cyclopentene oxidation. The set incorporates cyclopentene and cyclopentenyl 
reactions into the set of Law et al. [24]  Table 1 presents those additional reactions that proved 
most significant to the model predictions, described below. Using this model, mole fraction 
profiles of all major species, as well as some minor and radical species, were calculated. In 
general, the agreement between the flame model predictions and the experimental data of the 
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Figure 2: Experimental (lines and symbols) 
and modeled (lines) mole fraction profiles 

of major species  

major species overall is good. The comparison for the major species H2, H2O, CO, O2, Ar, CO2, 
and C5H8 (fuel) is shown in Fig. 2. The largest discrepancies occur for molecular hydrogen and 
water. The H2 profile is underpredicted by about 20% throughout the postflame zone and the 
modeled H2O profile is overpredicted relative to the data by about 15%. However, the shapes of 
the predicted and experimental H2O profiles agree well. 
  

Table 1.  C5Hx reactions of importance in modeling the φ = 2.0 cyclopentene flame; 
k = ATn exp(-C/RT) in mol, cm, s, cal, K units. 

Reaction A n C Source 

• Consumption of cyclopentene by decomposition: 
     cyclopentene ⇌ 1,3-cyclopentadiene + H2          1.1×1013 0 58800 (a) 

• Consumption of cyclopentene by abstraction of allylic H: 
     cyclopentene + H  ⇌ cyclopent-2-enyl + H2    2.3×105 2.5 2490 (b) 
     cyclopentene + OH ⇌ cyclopent-2-enyl + H2O  4.16×106 2.0 298 (c) 

• Consumption of cyclopentene by abstraction of nonallylic secondary H: 
     cyclopentene + H ⇌ cyclopent-3-enyl + H2     1.30×106 2.4 4470 (d) 

• Consumption of cyclopentene by chemically activated reactions: 
     allyl + C2H4 ⇌ cyclopentene + H 6.03×109 0 11490 (e) 

• Consumption of cyclopentenyl: 
     cyclopent-2-enyl ⇌ 1,3-cyclopentadiene + H  2.4×1013 0 47500 (f) 
     cyclopent-3-enyl ⇌ 1,3-cyclopentadiene + H      2.4×1013 0 47500 (f) 

(a) Analysis of NIST database; “Chemical Kinetics Database on the Web”, Standard Reference Database 17, 
Version 7.0 (Web Version), Release 1.4.1, National Institute of Standards and Technology, Gaithersburg MD 
(2006); (b) 4/3*k(H + propene), Ref. [24]; (c) 4/3*k(OH + propene), Ref. [24]; (d) k(propane + H = isopropyl), 
Ref. [24]; (e) Ref. [25]; (f) est. by relations of Ref. [26] 

 
 

The comparison between modeled and 
experimental profiles for selected minor species 
is shown in Fig. 3. In panel (a) mole fraction 
profiles of the key C3 species C3H3 and C3H5 are 
presented. The peak mole fraction of propargyl 
is slightly overpredicted and that of allyl is 
slightly underpredicted. However, experiment 
and model agree within the given error limits. 
The modeled results for the C5H5 and C5H6 
intermediates are compared with the 
experimental results in Fig. 3(b). As can be seen, 
cyclopentadiene (C5H6) is slightly overpredicted; 
nevertheless it matches the experimental value 
within the error limits. However, the C5H5 mole 
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fraction is predicted to be 15 times higher than the experimental results. This might be due to 
experimental uncertainties, unreliable rate constants for C5H5 oxidation pathways, and the fact 
that not all C5H5 reaction paths are included in the current model. Predicted mole fraction 
profiles of fulvene and benzene C6H6 isomers are compared with the experimental results in Fig. 
3(c). Both fulvene and benzene mole fractions are predicted to be a factor of 2 higher than the 
experimental results, however, this agrees within the experimental error limits.   

Figure 3: Comparison between experimental and modeled mole fraction profiles: (a) C3H3, 
C3H4 (allene and propyne) and C3H5, (b) C5H5 and C5H6, (c) C6H6 (fulvene and benzene) 

 

4.1.1. Main Consumption Pathways of Cyclopentene 
The present modeling implies that in this flame, cyclopentene consumption is dominated (60%) 
by elimination of H2 to form cyclopentadiene: 

 cyclo-C5H8 ⇄ cyclo-C5H6 + H2  (1) 

Another significant channel for cyclopentene consumption is the reaction with H-atoms to form 
cyclopentenyl (cyclo-C5H7) radicals: 

 cyclo-C5H8 + H ⇄ cyclo-C5H7 + H2  (2) 

In the present work, H and OH abstractions to form allylic cyclopent-2-enyl and nonallylic 
cyclopent-3-enyl consume 32% of the fuel. The chemically activated H-atom 
addition/decomposition to make allyl and ethylene  

 cyclo-C5H8 + H ⇄ C3H5 + C2H4 (3) 

contributes with 8% to the cyclopentene consumption.  

Both cyclopentenyl radicals are consumed almost solely through H-elimination leading to 
cyclopentadiene: 

 cyclo-C5H7 ⇄ cyclo-C5H6 + H  (4) 

A minor pathway is a ring-opening via β-scission to form a linear C5H7 pentenyl isomer which 
can subsequently decompose to smaller fragments including allyl and acetylene: 

 linear-C5H7  ⇄ C3H5 + C2H2 (5) 
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Under our current flame conditions, 51% of cyclopentadiene is consumed by H-atoms via 
abstraction to form the resonantly stabilized cyclopentadienyl, and abstractions by CH3, OH, and 
O contribute another 6.7, 6.5, and 2.7% for a total of 67% cyclo-C5H6 consumption by 
abstraction: 

 cyclo-C5H6 + R ⇄ cyclo-C5H5 + RH  (6) 

The other one-third of consumption is mainly by chemically activated H-atom 
addition/decomposition to make allyl and acetylene: 

 cyclo-C5H6 + H ⇄ C3H5 + C2H2 (7) 

The key reactive C5-ring species in this cyclopentene flame is probably the cyclopentadienyl 
radical. The thermal decomposition reaction of cyclo-C5H5 starts with a fast ring opening process 
to form the linear CHCCHCHCH2 isomer, which subsequently dissociates into acetylene and 
propargyl radicals: 

 cyclo-C5H5 ⇄ linear-C5H5 ⇄ C2H2 + C3H3  (8) 

Reaction (8) accounts for 84% of the model’s cyclopentadienyl consumption, with most of the 
remaining balance proceeding by O-atom attack to make cyclopentadienone. Thus, propargyl is a 
major decomposition product of the fuel and can then initiate PAH growth.  

4.1.2. Formation Pathways of Benzene 
Modeling indicates that propargyl-propargyl self-combination dominates benzene (or phenyl + 
H) formation in this fuel-rich cyclopentene flame:  

 C3H3 + C3H3 ⇄ C6H6 or (C6H5 + H) (9) 

Propargyl radicals are present in relatively large concentrations since they are primarily formed 
according to reaction (8) as a decomposition product of cyclopentadienyl radicals. However, 
modeling that assumes reaction (9) being the only formation pathway of benzene leads to an 
underprediction of the benzene mole fraction.  

The following reaction sequence is also found to be an important path towards fulvene and 
benzene: [10] 

 CH3 + C5H5 ⇄ C5H4CH3 + H ⇄ C5H4CH2 (fulvene) + H + H  (10) 

Modeling results including reactions (9) and (10) as possible benzene formation pathways are 
shown in Fig. 3(c). A modest overprediction of fulvene and benzene is visible, which might 
reflect the fact that C5H5 mole fractions are predicted to be too large.  

A minor contribution towards fulvene/benzene formation results from the reaction of allyl with 
propargyl radicals according to  

 C3H5 + C3H3 ⇄ … + fulvene, (11) 

where the allyl (C3H5) can come from reactions (3) and (7).  

Other pathways, including addition reactions of acetylene to n-C4H3 and n-C4H5 radicals,  [27-
31] are found to be of little or no importance in this fuel-rich cyclopentene flame.  
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5. Conclusions 

This paper focuses on the combustion chemistry of cyclopentene, which is investigated in 
unprecedented detail employing flame-sampling molecular beam mass spectrometry and flame 
model predictions. The discovery of the five-membered C7H6 and seven-membered C7H8 
isomers is of particular interest as both species essentially can be formed by reactions of 
cyclopentadienyl radicals with acetylene. This species identification indicates important 
pathways towards aromatic species. Subsequent reactions of acetylene with radicals generated by 
H addition or H loss from the C7H6 and C7H8 rings are potential pathways leading to indene. [15] 
These pathways deserve to be explored in future flame chemistry models. 

A new model is under development and special attention is paid towards fuel consumption and 
initial steps in the formation of aromatic rings. In general, the theoretical results are in good 
agreement with experimentally derived mole fraction profiles. Cyclopentene is mainly consumed 
by H2 elimination and H-atom abstraction to form cyclopentadiene and cyclopentenyl radicals, 
respectively. Benzene is largely formed by propargyl-propargyl self-recombination with minor 
contributions from the cyclopentadienyl + methyl reaction.  

Acknowledgments 

The authors are grateful to Paul Fugazzi for expert technical assistance. This work is supported 
by the Division of Chemical Sciences, Geosciences, and Biosciences, the Office of Basic Energy 
Sciences, the U. S. Department of Energy, in part under grants DE-FG02-91ER14192 (P. R. W., 
M. E. L.) and DE-FG02-01ER15180 (T. A. C., J. W.), and by the Chemical Science Division of 
the U.S. Army Research Office. T. K. and K. K.-H. are supported by the Deutsche 
Forschungsgemeinschaft under contract KO 1363/18-3. The work at Argonne is supported under 
DOE Contract Number DE-AC02-06CH11357. Sandia is a multi-program laboratory operated 
by Sandia Corporation, a Lockheed Martin Company, for the National Nuclear Security 
Administration under contract DE-AC04-94-AL85000. The Advanced Light Source is supported 
by the Director, Office of Science, Office of Basic Energy Sciences, Materials Sciences 
Division, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231 at 
Lawrence Berkeley National Laboratory.  
References 
[1] M. F. Denissenko; A. Pao; M. S. Tang; G. P. Pfeifer, Science 274 (1996) 430-432. 
[2] J. Hansen; M. Sato; R. Ruedy; A. Lacis; V. Oinas, Proc. Natl. Acad. Sci. USA 97 (2000) 9875-9880. 
[3] M. Z. Jacobson, Nature 409 (2001) 695-697. 
[4] J. A. Miller; C. F. Melius, Combust. Flame 91 (1992) 21-39. 
[5] H. Richter; J. B. Howard, Phys. Chem. Chem. Phys. 4 (2002) 2038-2055. 
[6] R. P. Lindstedt; K. A. Rizos, Proc. Combust. Inst. 29 (2002) 2291-2298. 
[7] N. M. Marinov; W. J. Pitz; C. K. Westbrook; A. E. Lutz; A. M. Vincitore; S. M. Senkan, Proc. Combust. 

Inst. 27 (1998) 605-613. 
[8] N. M. Marinov; W. J. Pitz; C. K. Westbrook; A. M. Vincitore; M. J. Castaldi; S. M. Senkan; C. F. Melius, 

Combust. Flame 114 (1998) 192-213. 
[9] C. F. Melius; M. E. Colvin; N. M. Marinov; W. J. Pitz; S. M. Senkan, Proc. Combust. Inst. 26 (1996) 685-

692. 
[10] L. V. Moskaleva; A. M. Mebel; M. C. Lin, Proc. Combust. Inst. 26 (1996) 521-526. 
[11] C. J. Pope; J. A. Miller, Proc. Combust. Inst. 28 (2000) 1519-1527. 
[12] C. S. McEnally; L. D. Pfefferle, Combust. Sci. Technol. 131 (1998) 323-344. 



5th US Combustion Meeting – Paper # A09  Topic: Laminar Flames 

9 

[13] A. Lamprecht; B. Atakan; K. Kohse-Höinghaus, Proc. Combust. Inst. 28 (2000) 1817-1824. 
[14] M. Kamphus; M. Braun-Unkhoff; K. Kohse-Höinghaus, Combust. Flame submitted (2006). 
[15] S. Fascella; C. Cavallotti; R. Rota; S. Carra, J. Phys. Chem. A 109 (2005) 7546-7557. 
[16] T. A. Cool; A. McIlroy; F. Qi; P. R. Westmoreland; L. Poisson; D. S. Peterka; M. Ahmed, Rev. Sci. 

Instrum. 76 (2005) 094102-094101 - 0492102-0492107. 
[17] C. Ramos; P. R. Winter; T. S. Zwier; S. T. Pratt, J. Chem. Phys. 116 (2002) 4011-4022. 
[18] A. D. Becke, J. Chem. Phys. 98 (1993) 5648-5652. 
[19] W. J. Hehre; L. Radom; J. A. Pople; P. v. R. Schleyer, Ab Initio Molecular Orbital Theory. Wiley: New 

York, 1987. 
[20] M. J. Frisch; G. W. Trucks; H. B. Schlegel; G. E. Scuseria; M. A. Robb; J. R. Cheeseman; J. A. 

Montgomery Jr.; T. Vreven; K. N. Kudin; J. C. Burant; J. M. Millam; S. S. Iyengar; J. Tomasi; V. Barone; 
B. Mennucci; M. Cossi; G. Scalmani; N. Rega; G. A. Petersson; H. Nakatsuji; M. Hada; M. Ehara; K. 
Toyota; R. Fukuda; J. Hasegawa; M. Ishida; T. Nakajima; O. Honda; H. Kitao; H. Nakai; M. Klene; X. Li; 
J. E. Knox; H. P. Hratchian; J. B. Cross; C. Adamo; J. Jaramillo; R. Gomperts; R. E. Stratmann; O. 
Yazyev; A. J. Austin; R. Cammi; C. Pomelli; J. W. Ochterski; P. Y. Ayala; K. Morokuma; G. A. Voth; P. 
Salvador; J. J. Dannenberg; V. G. Zakrzewski; S. Dapprich; A. D. Daniels; M. C. Strain; O. Farkas; D. K. 
Malick; A. D. Rabuck; K. Raghavachari; J. B. Foresman; J. V. Ortiz; Q. Cui; A. G. Baboul; S. Clifford; J. 
Cioslowski; B. B. Stefanov; G. Liu; A. Liashenko; P. Piskorz; I. Komaromi; R. L. Martin; D. J. Fox; T. 
Keith; M. A. Al-Laham; C. Y. Peng; A. Nanayakkara; M. Challacombe; P. M. W. Gill; B. Johnson; W. 
Chen; M. W. Wong; C. Gonzalez; J. A. Pople Gaussian98, Revision A11, 2004. 

[21] R. D. Amos; A. Bernhardsson; A. Berning; P. Celani; D. L. Cooper; M. J. O. Deegan; A. J. Dobbyn; F. 
Eckert; C. Hampel; G. Hetzer; P. J. Knowles; T. Korona; R. Lindh; A. W. Lloyd; S. J. McNicholas; F. R. 
Manby; W. Meyer; M. E. Mura; A. Nicklass; P. Palmieri; R. Pitzer; G. Rauhut; M. Schutz; U. Schumann; 
H. Stoll; A. J. Stone; R. Tarroni; T. Thorsteinsson; H.-J. Werner MOLPRO, a package of ab initio 
programs designed by H.-J. Werner and P. J. Knowles, 2002. 

[22] N. Hansen; T. Kasper; S. J. Klippenstein; P. R. Westmoreland; M. E. Law; C. A. Taatjes; K. Kohse-
Höinghaus; J. Wang; T. A. Cool, J. Phys. Chem. A in press (2007). 

[23] T. A. Cool; K. Nakajima; C. A. Taatjes; A. McIlroy; P. R. Westmoreland; M. E. Law; A. Morel, Proc. 
Combust. Inst. 30 (2005) 1681-1688. 

[24] M. E. Law; P. R. Westmoreland; T. A. Cool; J. Wang; N. Hansen; C. A. Taatjes; T. Kasper, Proc. 
Combust. Inst. 31 (2007) 565-573. 

[25] W. Tsang; R. F. Hampson, J. Phys. Chem. Ref. Data 15 (1986) 1087-1279. 
[26] A. M. Dean, J. Phys. Chem. 89 (1985) 4600-4608. 
[27] J. A. Cole; J. D. Bittner; J. P. Longwell; J. B. Howard, Combust. Flame 56 (1984) 51-70. 
[28] M. Frenklach; D. W. Clary; W. C. Gardiner; S. E. Stein, Proc. Combust. Inst. 20 (1985) 887-901. 
[29] M. Frenklach; J. Warnatz, Combust. Sci. Technol. 51 (1987) 265-283. 
[30] S. P. Walch, J. Chem. Phys. 103 (1995) 8544-8547. 
[31] P. R. Westmoreland; A. M. Dean; J. B. Howard; J. P. Longwell, J. Phys. Chem. 93 (1989) 8171-8180. 
 
 


